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Volume August, rgor. Number 2. 


THE 


PHYSICAL REVIEW. 


THE VISIBLE RADIATION FROM CARBON.' I. 
By Epwarp L. NICHOLS. 


HE law of radiation has for a long time been considered by 
physicists as a subject of high interest, and numerous in- 
vestigations looking to the establishment of a general relation be- 
tween radiation and temperature have been made both from the 
theoretical and the experimental standpoint. The earliest attempts 
to determine incandescence in its relation to temperature were made 
with platinum. Draper’ in 1847 made observations upon a wire of 
that metal heated by an electric current. The temperatures were 
from the expansion of the wire. Zollner*’ in 185g compared the 
light emitted by incandescent platinum with the heat evolved. 

E. Becquerel,* who made an extensive study of visible radiation 
from various solids at high temperatures, used thermo-elements of 
platinum and palladium, calibrated by reference to melting points 
and with the air thermometer. A partial separation of the rays 
was effected by means of colored screens. He found that opaque 
bodies, such as lime, magnesia, platinum and carbon at the same 
temperature had very nearly equal emissive powers, a conclusion 
vigorously contested by his contemporaries, but explained in the 
light of later work, by the fact that the glowing bodies were en- 


1 An investigation carried on in part by means of an appropriation from the Rumford 
Fund for Research. Read at the meeting of the American Association for the Advance- 
ment of Science in New York, June 27, 1900. 

? Draper, Philosophical Magazine, Vol. XXX., p. 345 (1847). 

3 Z5llner, Photometrische Untersuchungen (1859). 

4 Becquerel, Annales de Chimie et de Physique (3), 68, p. 47 (1863). 
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closed in a long earthen tube. The conditions for ideal blackness 
were thus approximately fulfilled. He likewise made photometric 
observations upon wires electrically heated and found the light to 
increase much more rapidly than the emitted heat. 

Although some of Becquerel’s results were at fault, particularly 
his estimation of temperature above the melting point of gold, his 
work is especially noteworthy in that he employed many of the 
methods to which, in the hands of later investigators, our knowledge 
of the laws of incandescence is due. He established the fact of the 
direct proportionality of the logarithm of the intensity of radiation 
to the temperature and pointed out the possibility of optical py- 
rometry. 

In 1878 Crova' used the Glan spectrophotometer in the com- 
parison of various sources of light such as candles, gas flames, the 
lime light, the arc light and sunlight, and proposed an optical method 
for the measurement of temperatures. 

In 1879° I published the results of a series of measurements 
made in this manner upon the visible radiation from platinum at 
various temperatures. At that time, the measurement of high tem- 
peratures by means of thermo-elements, of platinum and platinum- 
rhodium, or platinum-iridium, had not been developed and _ the de- 
termination of the temperature from the change of resistance of the 
metal was, as has been previously pointed out by Siemens, a matter 
of great uncertainty on account of the varying performance of dif- 
ferent samples of platinum. This difficulty, which was due to the 
impurities contained in the metal, has since been largely overcome 
and platinum thermometry has, through the. study of Callendar 
and others, been advanced to the position of an operation of pre- 
cision ; but at that time I was forced to content myself in the in- 
vestigation just referred to with an expression of temperature of 
the glowing platinum in terms of its increase of length. 

Work upon the incandescence of carbon was first taken up in a 
serious manner after the development of the incandescent lamp. 

Schneebeli,* in 1884, made some observations upon the total 


1Crova, Comptes Rendus, 57, p. 497 (1878). 

2 Nichols : Ueber das von gliihendem Platin ausgestrahlte Licht. Gdttingen, 1879 ; 
also American Journal of Science, Vol. 18, p. 446 (1879). 

3 Schneebeli, Wiedemann’s Annalen, 22, p. 430 (1884). 
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radiation and candle power of the Swan lamp. He made no esti- 
mation of temperatures. 

In the same year Schumann! published his very complete spec- 
trophotometric comparison of the various incandescent lamps in use 
inGermany. Lucas,’ in 1885, heated arc-light carbons in vacuo, es- 
timated their temperature from the current employed and measured 
the light given in carcels. I shall refer to his work in some detail 
later. 

In 1887 H. F. Weber’ began his studies of the spectrum of the 
incandescent lamp. He found that the first light to appear was not 
that of the region nearest the red end of the spectrum but corre- 
sponded in wave-length to the region of maximum luminosity and 
that at their low temperatures the spectrum was devoid of color. 
Stenger‘ in the same year corroborated Weber’s observations and 
offered what has since been received as the proper explanation of 
the phenomenon. 

In 18891 published in colaboration with W. S. Franklin ° a series 
of spectrometric comparisons of incandescent lamps maintained at 
various degrees of brightness. No attempt was made to determine 
temperatures. In 1891, H. F. Weber’ read a paper at the Elec- 
trotechnical Congress in Frankfort on the general theory of the 
glow lamp. By means of numerous measurements through a wide 
range of incandescence, made upon lamps with treated and untreated 
filaments, constants were established for his empirical formula for the 
relation of radiation and temperature. 

The infra-red spectrum of carbon has, since the appearance of the 
incandescent lamp, likewise been subjected to measurement. Abney 
and Festing’ in 1883 published curves for the distribution of energy 
in the spectrum of such lamps from measurements made with the 
thermopile. In 1894 I compared with the help of the same instru- 


1 Schumann, Elektrotechnische Zeitschrift, 5, p. 220 (1884). 

2 Lucas, Comptes Rendus, Ioo, p. 1454 (1885). 

3 Weber, Wiedemann’s Annalen, 32, p. 256 (1887). 

4Stenger, Wiedemann’s Annalen, 32, p. 271 (1887). 

5 Nichols and Franklin, Am. Jour. of Science, 38, p. 100 (1889). 

6 Weber, Bericht des internationalen Electrotechnikercongresses zu Frankfurt am 
Main, p. 49 (1891) ; also PHysicAL REVIEW, Vol. 2, p. 112, 

7 Abney & Festing, Philosophical Magazine (5), 16, p. 224 (1883) ; also Proceed- 
ings of the Royal Society, 37, p. 157 (1884). 
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ment and a highly sensitive galvanometer the infra-red spectra of 
lamps with black and gray filaments.’ 

Of late years attention has been devoted especially to the prob- 
lem of the law of radiation from an ideal black body and various 
formule have been proposed by means of which the rise of radi- 
ation of any single wave-length upon the one hand and of the total 
radiation on the other may be expressed as a function of the tem- 
perature. Interesting as this phase of the problem is from the 
point of view of theoretical physics, it is perhaps even more im- 
portant to know the relation between temperature and radiation for 
actual surfaces. 


APPARATUS AND OUTLINE OF METHOD. 

I propose in the present paper to describe an attempt to measure 
the temperature of carbon rods rendered incandescent by the pas- 
sage of an electric current, and to make spectrophotometric com- 
parisons of the visible radiation from their surfaces with the corre- 
sponding wave-lengths in the spectrum of an acetylene flame. 

The carbons used for this purpose were produced by the well- 
known process of squirting a semi-fluid carbonaceous paste through 


a cylindrical openin They were straight cylindrical rods 10 


g. 
cm. in length and 2 mm. in diameter. Still larger rods would 
have been preferable but I was unable to obtain any of 
greater diameter than the above that were capable of with- 
standing the temperatures to which it was necessary to heat 
them. The rods were mounted horizontally in a massive metal 
box 40 cm. in length, 20 cm. wide, and 20 cm. in height. 
This box, which was made especially for this investigation, had 
openings at the ends through which, by means of air-tight plugs, 
the terminals of the rod could be introduced. Through one 
of these plugs, likewise, the platinum and platinum-rhodium wires 
of the thermo-element, by means of which the temperature measure- 
ments were made, entered the box. In one of the vertical sides of 
the box was a row of five circular plate glass windows, which could 
be removed for cleaning, through which the carbon could be seen 


and the spectrophotometric observations could be made. Other 


1 Nichols, PHYSICAL REVIEW, Vol. 2, p. 260 (1894). 
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openings in the top of the box and through the opposite sides 
served to connect it with a mercury air pump of the Geissler type 
and with manometers for the measurement of pressure. A vertical 
cross section of this part of the apparatus is shown in Fig. 1. 


To Manometer To Pump y 
! 
| 
| 
14 
| 
b 
F 
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Attempts to locate by a variety of methods the hot junction of 
the thermo-element, by means of which the temperature of the 
surface of the rods was to be measured, in such manner that it 
would assume the temperature of that surface, made it only too 
clear that herein lay one of the chief difficulties of the investigation. 
It was found that any such junction, however small its size and 
however carefully it might be brought into contact with the surface 
of the rod, would not take even approximately the temperature of 
that surface; and recourse, after the failure of numerous other 
expedients, was had to the following plan, which although far from 
being free from objection, was found to be upon the whole the most 
reliable, and to give, when properly carried out, the most definite 
and satisfactory result. 

By means of a drill made for the purpose from the smallest ob- 
tainable size of steel sewing needle, a minute hole was bored radially 
at the point upon the surface of the rod lying within the field of 
view of the spectrophotometer. This hole had an approximate 
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diameter of 0.03 cm. It extended to a depth equal to about one- 
half the radius of the rod and was conical in form. Platinum and 
platinum-rhodium wires to be used for the thermo-element were 
drawn to a diameter of 0.016 cm., and their free ends having been 
laid together side by side, were fused in the flame of the oxyhydro- 
gen blowpipe so as to form a junction. This junction, which after 
the action of the blowpipe took the shape of a small bead of the 
combined metals, was trimmed down into conical form, until it 
would just enter the hole in the side of the rod, care being taken 
that the entire junction was beneath the surface. The wires lead- 
ing from this junction were next sealed into a glass tube of about 2 
mm. bore through the interior of which they were carried from end 
to end; care being taken that they should be nowhere in contact. 
They were held in place by fusing the glass around them at either 
end of the tube. This tube was inserted through an opening in the 
plug a (Fig. 1), carrying one terminal of the rod and there made air- 
tight by means of cement. One end of the carbon rod was then 
inserted in a clamp attached to the inner face of the plug and the 
wires at a distance of about 1 cm. from the junction were bent 
downward at right angles so as to bring the junction into position 

for insertion into the hole in the rod and 
tm to hold it there when inserted by the 

> 


slight but sufficient spring action of the 
| wires themselves. This arrangement of 
| 


the junction and rod is indicated in 
Fig. 2. 


The introduction of the thermo-ele- 
ment having been successfully carried 


Fig. 2. 


out by the method just described, it 
was possible to insert the plug, carrying the rod and thermo-junc- 
tion with it, into the end of the box and to secure it in place ; after 
which the free terminal of the rod was introduced between the jaws 
of a strong clip attached to the opposite plug (4, Fig. 1). This 
operation had to be performed through the open windows in the 
side of the box. These were then screwed tightly into place, and 
the box was ready for the exhaustion of the air. 

This method of measuring the temperature of the surface, to be 
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successful, involved the fulfilling of several rather difficult conditions 
and the application of an important correction. To bore into the 
material of a carbon rod carrying a current in the manner described, 
necessarily disturbs more or less the flow of the current; and the 
changes of resistance thus introduced were likely to bring about 
decided changes of temperature in that neighborhood. In some in- 
stances, this became obvious when the rod was heated, the tempera- 
ture being higher near the hole than elsewhere. Indeed, it was 
often possible to note with the eye the increased incandescence of 
the region in question. Inall such cases the mounting was rejected. 
It was found possible, however, to so nearly compensate for this loss 
of carbon by the introduction of the platinum junction that no differ- 
ence in the incandescence of the surface could be detected by the 
closest observation ; and since differences of temperature which can- 
not be detected by the eye will be negligible in spectrophotometric 
work, this was taken as the criterion of a satisfactory mounting of 
the thermo-junction. Measurements were attempted only when this 
condition was fulfilled. It is likewise obvious that there is danger 
from the contact of the two wires of the thermo-junction with the 
sides of the hole in the rod. A branch circuit for the passage of 
the current is thus formed which includes the galvanometer coils, 
thus imperiling the integrity of the readings of electromotive force. 
This could be obviated only by having the wires touch the rod at 
points in an equipotential surface, and the fulfillment of this condi- 
tion was determined by the reversal of the current through the rod 
and the absence of any effect of such reversal upon the galvanometer. 

Another and more serious objection to the method, and one 
which could only be met by the introduction of a correction, lay in 
the fact that even with the smallest wires which could be used for 
a thermo-element a certain amount of heat would be carried away 
by conduction through the metal ; so that the junction would never 
reach the full temperature of the surfaces with which it was in con- 
tact. I was at first inclined to think that this correction would be 
a small one, but attempts to measure the temperature of the acety- 
lene flame by means of a similar thermo-element indicated that the 
loss of heat from this source was by no means to be neglected. 


The numerical value of this correction was accordingly determined 
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by direct experiment in the following manner. Thermo-elements 
drawn from the same pieces of wire but differing considerably in 
diameter were prepared. These were inserted two at a time in 
holes on opposite sides of a carbon rod and the rod was brought to 
incandescence by means of the current. The temperatures reached 
by these junctions were compared by means of the potentiometer 
and a curve was plotted showing the relation between the cross 
section of the wire in the thermo-element and the temperature of 
the junction. This curve, extended in the direction of decreasing 
cross section, served to indicate with at least a fair degree of accu- 
racy the temperature which would have been reached by a thermo- 
element of sero cross section placed in contact with the surface to 
be measured. The difference between this temperature and that 
reached by a junction of any desired size gave the correction which 
was to be applied. The correction, as will be seen by inspection of 
the curve, Fig. 3, is a very large one, amounting even in the case 


200 
RELATIVE CROSS-SECTIONS 
Fig. 3. 


of the smallest wires which it was found practicable to use to about 
85°. The results of the calibration agreed, however, so well with 
similar experiments made by placing thermo-junctions of various 
sizes in the non-luminous outer envelopes of the acetylene flame, 
of the ordinary gas flame, and of the flame of the candle,’ that I 
feel warranted in placing much dependence upon them. 


1 Nichols, PHysIcAL REVIEW, X., p. 234. 
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This method of correcting for the loss of heat in a thermo-junc- 
tion was first employed by Waggener' in his investigation of the 
temperature of the flame of the Bunsen burner. I became acquainted 
with his research, however, only after the completion of my ex- 
periments. 


CALIBRATION OF THE THERMO-ELEMENTs. 


All our modern estimates of very high temperatures may be said 
to rest in one way or another upon extrapolation. The upper limit 
of usefulness of the air thermometer has been found to lie in the 
neighborhood of 1500°. It was at this temperature that Erhardt 
and Schertel? in their admirable but little-known research upon the 
melting points of alloys of silver, gold and platinum were obliged 
to abandon direct determination ; and very closely, at which Hol- 


‘in their latest studies upon 


born and Wien * and Holborn and Day 
thermo-electric thermometry found that the indications of the air 
thermometer, even when constructed of the most refractory of mod- 
ern porcelain began to become erratic. We have, it is true, the in- 
vestigations of Violle® upon the melting points of the metals of the 
platinum group, but these, it must not be forgotten, are based 
upon an assumed value for the specific heat and this assumption is 
equivalent to the extrapolation of the curve of the variation of the 
specific heat with temperature. The observed values, by means of 
which this value was determined, all lie far below those of the melt- 
ing points of the metals in question. It is necessary therefore in 
spite of the accumulation of indirect evidence of their approximate 
accuracy, to hold in reserve the assignment of absolute values of 
these melting points until by some means as yet unthought of, we 
shall be able to obtain direct experimental data. In the meantime 
they afford us the best present available basis for atemporary scale, 
our confidence in the approximate accuracy of which must rest 
upon the fact that the melting points for palladium, platinum, etc., 
as given by Violle are found to lie upon what may reasonably be 


1 Waggener, Wiedemann’s Annalen, LVIII., p. 579 (1896). 


2 Erhardt and Schertel, Jahrbuch fiir das Hiittenwesen in Sachsen, 1879, p. 154. 

3 Holborn and Wien, Wiedemann’s Annalen, XLVII., p. 107 (1892), and LVI., p. 
360 (1895). 

4 Holborn and Day, American Journal of Science, VIIL., p. 175 (1899). % 

§Violle, C. R., LXXXIX., p. 702 (1879) 
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supposed to be an extension of the curves experimentally deter- 
mined for lower temperatures by means of the air thermometer. 
As for the various formulz for the variation of electromotive forces 
of thermo-elements with the temperature, we must not lose sight 
of the fact that they are simply analytical expressions for experi- 
mentally determined relations and that the extensions of them to 
temperatures lying far beyond the experimental range is not to be 
regarded as more trustworthy than the extension of a curve by 
graphical methods. Under these circumstances I decided to con- 
tent myself with the provisional acceptance of the following values 
for the melting points of gold, palladium and platinum, namely : 


Gold,' 1064° C. 
Palladium, 1500° C. 
Platinum, 1775° C. 


and to ascertain as accurately as possible the electro-motive force 
given by the thermo-elements used at these points. It was thought 
that by drawing a curve through them, and reading intermediate 
temperatures from this curve the values thus obtained would be as 
close as our present knowledge of the subject will admit. The 
platinum-platinum-rhodium wire used for my elements was ob- 
tained, as has already been stated, from Herzeus in Hanau and was 
supposed to be of the same stock as that employed by Holborn and 
Wien. The fact that the electromotive force given by these thermo- 
elements when exposed to the temperature of melting platinum 
agreed very closely indeed with that obtained by extrapolation of 
their data, seems to indicate that the metals were identical with 
those used by them. 

For the purpose of calibrating the thermo-elements, I employed 
a very simple method, the results of which, however, proved highly 
satisfactory. This method, which consists in exposing the hot 
junction to the layers of heated gas surrounding the acetylene 
flame and lying just outside the luminous envelop of that flame, has 
been described in some detail in a separate communication.’ 

1 This value is that given by Holborn and Day in their second paper (American Jour- 


nal of Science, X., p. 171 (1900). 
2Nichols, On a New Method of Calibrating Thermoelectric Elements for Use in the 


Measurement of High Temperatures. [Livre Jubilaire dedié a H. A. Lorentz; La Haye, 


1900, p. 339-] 
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The method is easily carried out and it is free from many of the 


‘most serious difficulties of the cumbersome operations usually em- 


ployed, which involve the use of furnaces and of the porcelain bulb air 
thermometer. Fig. 4 contains the calibration curve of the thermo- 


1200 
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Fig. 4. 


elements used in this investigation and likewise, for the purpose of 
comparison, a curve reproduced from Waggener’s paper and extra- 
polated by him from the data given by Holborn and Wien. It will 
be seen that while the two curves are not identical, they are of the 
same general character and that the differences are not greater than 
experience would lead us to expect in the case of different thermo- 
elements, even where these are of platinum and of platinum-rhodium 
of the same manufacture. It is not a question of absolute electro- 
motive forces but rather of the form of the curves; since what we 
really need is a criterion by means of which we can determine 
whether temperature readings based upon Violle’s values for pal- 
ladium and platinum are in reasonable agreement with those ob- 


tained by the extension of the curve of Holborn and Wien. 


THE SPECTROPHOTOMETER. 
The spectrophotometer used was a copy of the instrument de- 
signed by Lummer and Brodhun for the Imperial Institute in Char- 
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lottenburg. It consists of a one-prism spectroscope with two 
collimator tubes, placed at right angles to each other as shown in 
Fig. 5. Each of these tubes carries a slit the width of which is 
regulated by means of an accurate micrometer screw with a drum 
head divided into one hundred parts. By estimating tenths of a 
scale division, the width of the slits could be estimated to one one- 
thousandth of a revolution. 

The essential feature of this photometer consists in the Lummer- 
Brodhun device ()), placed between the objective lenses of the two 
collimators and the prism, in such a position that the beam of light 
from one of the tubes is transmitted directly to the latter, while that 
from the other tube is bent through go° by total reflection. The 
instrument was set up with collimator 4 in such a position that a 


portion of the surface of the incandescent rod lying nearest to the 


point at which the thermo-element had been inserted formed a field 
of illumination for the slit at a distance of about 25 cm. The region 
under observation was limited by means of a vertical diaphragm (d ) 


5 mm. in width which was mounted in a tube in front of a window 
of the metal vacuum box. The comparison source was the spectrum 
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of the brightest part of an acetylene flame set up in the axis of the 
other collimator at a corresponding distance and viewed through a 


a circular aperture (c) 5 mm. in diameter, cut in a metal screen inter- 

3 posed between the flame and the slit and as near the former as | 
é practicable. 


The acetylene flame was adopted as a comparison standard for 
the following reasons : 

1. It possesses a continuous spectrum brighter in the less re- 
frangible regions than that of any other controllable source of light. 

2. The radiating material is finely divided carbon, presumably of 
a character not unlike that of the surface of the untreated rod. 

3. The acetylene flame is the result of the combustion of a definite 
fuel (C,H/,) burning under reasonably constant conditions. It is 
preferable in this regard to any of the ordinary gas or candle flames 
in which the fuel is of an undetermined and more or less variable 
character. 

4. When supplied with gas under constant pressure, an acetylene 
flame of the type used in these experiments, that, namely, obtained 
by means of a burner composed of a single block of steatite, is more 
nearly constant in its intensity and color than any other flame with 
which I am acquainted, with the exception of that of the Hefner 
lamp. It is indeed questionable whether the latter is superior to 
acetylene in this respect and its comparative weakness in the blue 
and violet renders it very undesirable as a comparison source in - 
spectrophotometry. 


METHOD OF CHECKING THE CONSTANCY OF THE ACETYLENE 
FLAME. 

To secure as complete a check as possible upon the constancy of 
the flame the following method, based upon the assumption that so 
long as the radiation from the flame remained constant, its light- 
giving power would not vary, was employed. A diaphragm d 
(Fig. 6) similar to that interposed between the slit and the flame 
and having an aperture of the same size, was mounted on the oppo- 


site side of the latter and a thermopile / was placed at a distance of 
about 15 cm. from this opening. A second diaphragm d@’, with an 


intervening air space served to cut off, in large part, the radiation 
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from the heated metal. Two thin sheets of glass forming the sides 
of an empty glass cell ¢ of the kind used in the study of absorp- 
tion spectra, etc., were placed between the cone of the thermopile 


and the second dia- 
| ad 


The thermopile was connected with a sensitive d’Arsonval gal- 
vanometer (¢), the circuit being kept permanently closed, and a 
double metallic shutter s, which could be raised or lowered so as 
to open or close the opening in the diaphragm next to the flame was 
so mounted that it could be readily operated by an observer at the 
telescope of the galvanometer. When a reading of the radiation 


phragm ; so that only 
those rays from the 


flame which were trans- 
mitted by the glass fell 
upon the face of the 


pile. 


from the flame was to be made, the zero point of the galvanometer 
was noted and this shutter was raised during the short interval of 
time necessary to bring the needle, which was not strongly damped, 
to its first turning point. The shutter was immediately closed in 
order to prevent further heating of the face of the thermopile. This 
throw of the galvanometer was taken as an indication of the in- 
tensity of the flame. It was found that the thermopile would cool 
sufficiently within two minutes to admit of the repetition of the read- 
ing. These observations were taken by an assistant simultaneously 
with each setting of the spectrophotometer, the intention being to 
reject any spectrophotometric readings made at a time when the flame 
showed marked deviation from its standard intensity, and to reduce 
the readings to a uniform flame intensity under the assumption that 
for the small range of variation occurring from reading to reading, 
the changesin the brightness of the flame would be proportional to 
the variations of this galvanometer reading from the mean of the 
whole set. In point of fact it was found that the flame rarely varied 
by more than two per cent. from the mean in the course of a set of 
observations and remained most of the time within one per cent. 
From day to day its intensity was usually within the limits stated 
above although occasionally a larger variation was detected. None 
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of these variations in the course of the present investigation reached 
values so great as to lead me to hesitate to apply the correction 
already referred to, and all the observations described in this paper 
have been reduced to a constant flame intensity by means of a cor- 
rection factor obtained from the readings of the galvanometer. 


CONTROL AND MEASUREMENT OF THE TEMPERATURE OF THE 
CARBON Rop. 


The carbon rod having been brought to the desired degree of 
incandescence by means of the current from a storage battery, was 
held at a constant temperature by varying the resistance placed in 
the battery circuit. «The indications of the thermo-element inserted 
in the rod were noted by means of a potentiometer consisting of an 
accurately adjusted resistance box of 100,000 ohms, the smallest 
coils in which contained one ohm each, a sensitive galvanometer 
of the d’Arsonval type and a large Clark cell of the old Feussner 
type, against which the electro-motive force of the thermo-element 
was balanced in the usual manner. The arrangement of this po- 
tentiometer has been described in my recent paper' on the tem- 
perature of the acetylene flame. The cells used in the measure- 
ment of the temperature of the carbon rod were the same as those 
employed in that investigation and the same precautions were taken 
to preserve constancy of temperature and to control and check their 
electro-motive force. It was found that at the temperature of 18°, 
which was very closely the mean temperature of the room, the 
electro-motive force of the Feussner cells was 1.430 volts. 

The potentiometer having been balanced by looping the circuit 
containing the thermo-element around a sufficient portion of the re- 
sistance box to balance its current against that of the Clark cells, 
a condition which was indicated by the reduction of the galvanom- 
eter deflection to zero, the current was maintained at such a value 
as to hold the carbon at a constant temperature during the time 
necessary to complete measurements of the intensity of eight dif- 
ferent portions of the spectrum, ranging from the extreme red to 
the violet, with the corresponding portions of the spectrum of the 
acetylene flame. In order to insure the maintenance of this con- 


1 Nichols, PHYSICAL REVIEW, 10, p. 237 (1900). 
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stant temperature in the rod, an assistant made repeated observa- 
tions with the potentiometer and readjusted the resistance in the 
battery circuit whenever necessary. Excepting at very high tem- 
peratures where the rod was subject to rapid disintegration, it was 
rarely necessary to make any adjustment during the progress of a 
single set of observations. Readings of the current flowing through 
the carbon and of the fall of potential between its ends were made 
at the beginning and end of each experiment. 
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MAGNETIZATION OF IRON, STEEL, AND NICKEL 
WIRES BY INTERMITTENT CURRENT. 


By K. Honpba AND S. SHIMIZU. 


$1. Since Helmholtz first brought in question, about 50 years 
ago, whether the magnetization follows very rapid changes of mag- 
netic force or not, several physicists have studied the same sub- 
ject in different ways. Their results and criticisms are placed in a 
good order in the introduction to Wien’s paper,' so that there is no 
need of repeating them. 

In the paper above cited, Wien describes his own investigations 
on this point by elaborate experiments, and reconciles several ap- 
parent discrepancies, which exist in the results obtained by former 
observers. According to him, magnetic induction is always less in 
the alternate than in the constant field; the difference becomes 
greater and greater as the frequency increases. But the area of the 
hysteresis curve is always greater in the alternate than in the con- 
stant field, except when it is not very weak, in which the contrary 
is the case. The area also increases with the frequency. Whence he 
concludes that the magnetization cannot follow very rapid changes 
of the magnetic force. 

Apart from the methods previously used, the following simple 
plan may conveniently be used to study the same question in its some- 
what different aspect. Instead of using an alternate current, iron 
or nickel wire is magnetized by an intermittent current of definite 
frequency, and its mean intensity of magnetization is measured by 
the magnetometric method. The comparison of the intensity of 
magnetization corresponding to different frequencies will decide the 
proposed question. 

§$ 2. The apparatus for producing the intermittent current is the 


Pupin’s interruptor. The copper or aluminum wire is stretched 


1 Wied, Ann., 66, 859, 1898. 
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horizontally, as shown in Fig. a, one of the ends is fixed to a stout 
support S, while the other, passing over a small metallic pulley P, 
is attached to a weight ©. Near the center, a short initial wire R is 
dipped into a mercury cup, in which the circuit is made or broken 


ne 
i 
Cc 
i 
Q 
Fig. a. 


in regular succession by the vibrating string. The string is main- 
tained continuously oscillating by a magnet 7, which may be either 
a permanent one or an electromagnet. A condenser C, whose ca- 
pacity is one microfarad is connected to two sides of the mercury 
contact. The number of frequency is calculated from the formula 


I T 
i= 


where /, Z, » denote respectively the length, the tension and the 
linear density of the string. 

The mean intensity of the current is measured by a Thomson 
graded galvanometer which is from time to time compared with a 
deciampere balance. The magnetometer consists of a small bell 
magnet suspended in a thick copper case by a fine quartz fiber, the 
period of vibration being about 3 seconds. It is placed due 
magnetic east of the magnetizing coil, and its deflection is read by 
means of scales and telescope. The magnetizing coil is 34.8 cm. 
long and its frame is made of wood. It is wound in 4 layers with 
copper wire of about 2 mm. diameter ; the field at the center of the 
coil due to a current of one ampere is 19.38 C.G.S. units. The 
coefficient of self-induction of the whole circuit is 2.35 x 10° cm. 
and its resistance 19.3 ohms, so that the time of relaxation is 
0.00122 seconds. 

§ 3. The method of observation is as follows: In the first place, 
the magnetizing coil, the magnetometer and a compensating coil 
are carefully placed in a line perpendicular to the magnetic meridian. 


A constant or intermittent current is sent through these coils and 
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the perfect compensation obtained by displacing the auxiliary coil 
in its axial line; then the current is reversed and the compensation 
tested, till there is no deflection by passing the current in either di- 
rection. The wire to be tested is then placed in the axial line of 
the coil, and magnetized in one direction and then in the other. If, 
on both sides, the corresponding deflections of the magnetometer 
are not numerically equal, the above process is repeated, till the 
compensation is perfect and the deflections of the magnetometer due 
to the magnetized wire alone are equal in two directions. Since the 
distance of the magnetometer from the nearer end of the magnetiz- 
ing coil was only 21 cm., the adjustment was no easy task. When 
the adjustment is finished, the wire to be tested is demagnetized by 
reversals. The gradually increasing intermittent current of definite 
frequency is then passed through the magnetizing coil, and the cor- 
responding deflections are noted, when they become stationary. 

The deflection of the galvanometer or of the magnetometer was 
generally as steady as that due to steady current. It, therefore, 
represents the mean of the current or of the intensity of magnetiza- 
tion during the complete period of the intermittent current. 

Owing to the smallness of the coefficient of self-induction com- 
pared with the resistance of the circuit, the deflection of the galvan- 
ometer due to stationary current was reduced to nearly half its 
original value, when the same current became intermittent with the 
frequency of 49 per second. When the frequency was increased, 
the spark gap remaining unaltered, the mean intensity of the current 
generally became a little greater. Hence 
in order that the deflection with the inter- 
mittent current may just be half that due 


to the steady one, the length of the spark 


gap had always to be increased slightly 


by an adjusting screw. / 


The deflection of the magnetometer 
represents the mean intensity of magneti- Pe 

zation during the complete period; but 


H 


Fig. b. 
in the statical cycle between zero anda 


certain field, and perhaps in the cycle with intermittent current, the 


form of the hysteresis curve is a very elongated loop AB, as shown 


in Fig. b. 
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Let the extreme values of the intensities of magnetization be 
denoted by /, and /, respectively, and the intermediate value by /; 


the deflection of the magnetometer will be proportional to 


lt. 


In the evaluation of the integral, we may, with tolerable accuracy, 
put /= /,+ KH, where X is a constant ; hence 


1 K 
pf “pf Hat. 


But in our experiments, the mean intensity of the intermittent cur- 
rent was always so adjusted, that it is just half of the intensity of 
the steady current; hence if //, be the corresponding field due to 


the steady current, 


I 
= rd, Hat, 
and therefore /dt= at 


Hence the mean intensity of magnetization during the complete 
period is nearly the same as the arithmetical mean of the maxi- 
mum intensity and the residual ones. This was also experimentally 
confirmed with the intermittent current of the frequency of 49 per 
second. 

Though the increase of the mean intensity of magnetization does 
not necessarily imply that of the extreme intensity of magnetization 
for a given cycle, yet the experimental fact, hereafter to be described, 
teaches us that the change of the mean intensity of magnetization 
with the frequency is nearly the same amount as that of the actual 
intensity. 

§ 4. The specimen tested had the following dimensions : 


Metal. Length. Diameter. Volume. Density. 
Wolfram steel. 21.00 cm. 0.135 cm. 0.302 ccm. 7.90 
Soft iron. {21.00 0.135 0.302 7.80 


Nickel. 21.07 0.134 0.299 8.95 
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The measurement of the magnetization of each of these ferro- 
magnetics by steady current gave the following results expressed in 


C.G.S. units. 


Wolfram-steel. Soft iron. 


H 


1.7 
3.6 
6.7 
13.3 
19.1 
28.6 
39.3 
50.7 
58.1 


6.3 46 1.5 52 
11.4 123 2.1 92 
13.3 235 3.6 328 
15.0 371 4.6 579 
16.4 564 6.1 684 
18.3 719 8.1 839 
25.2 951 12.6 975 
40.2 1121 23.5 1124 
59.3 1212 51.5 1260 
Im 
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$5. The magnetization of Wolfram-steel with intermittent current 


of different frequencies is given in Fig. 1. 
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Here /, denotes the apparent or mean intensity of magnetization, 
/7,, the mean of the external field, the extreme field being always 
double its mean value, and x the frequency of the intermittent cur- 
rent. The curve corresponding to 7 = 0, which nearly coincides 
with the curve for x = 49, is one representing the arithmetical mean 


of the two intensities of magnetization, when the current is on and 
off. 


Hm 


-20 


Points x correspond to 
the cycle n=0, 


Fig. 2. 


From these curves, we see that the mean intensity of magnetiza- 
tion decreases as the frequency increases. For a definite frequency, 
the difference becomes greater as the field increases, and attains its 
maximum value in a field near that of the maximum _ permeability. 


It then gradually decreases as the field is further increased. 
The curves of the apparent value of permeability are also drawn 


in the same figure. It will be seen that the apparent value of per- 
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meability tends to a constant value as the frequency is increased, a 
fact which plays an important part in the theory of electric oscillation. 

In the hysteresis cycle, the extreme value of magnetic induction 
becomes a little smaller, but the coercive force is greater than that 
for the statical cycle, so that the area of the hysteresis curve increases 
with the frequency, till it reaches a maximum and then decreases, 
as shown in Fig. 2. 

The measurement of the areas of hysteresis curves with a plani- 
meter gave the following results : 


Frequency. n=0 = 105 210 = 300 


Apparent dissi- 


pated energy. 25600 27260 30120 29540 


Q 2 4 6 8 10 12 


! ! 
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Fig. 3. Soft Iron. 
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In the form of the hysteresis curves, we notice that the portions 
of the curves lying between the maximum and zero fields are 
nearly parallel to each other; and as we have remarked, the ap- 
parent intensity of magnetization represents the mean of the ex- 
treme and residual intensities of magnetization. Hence it is evident 
from these two facts that the change in the intensity of magnetiza- 
tion by intermittent current is nearly of the same amount as that of 
the actual intensity of magnetization, as we have already remarked. 
Hence if we consider the apparent intensity to represent the ex- 
treme intensity of magnetization, the above results exactly coincide 
with those of Wien with alternate field. 

§ 6. The results for soft iron and nickel are given in the follow- 
ing Figs. 3 and 4: 


Fig. 4. 


From these figures, we see that the nature of the change in low 
fields is exactly the same as for wolfram-steel, but the amount of 
the change is smaller than that for the steel. In stronger fields the 
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increase of the intensity of magnetization with the frequency is ob- 
served. Wien did not notice this reversal of the change of mag- 
netization. It will also be noticed that the curve x = 50 for iron 
and nickel cuts in very low fields the curve x= 0. In strict sense, 
however, the curve x = 0 can not be compared with the others, be- 
cause in drawing the curve, the arithmetical mean of two intensities 
of magnetization, when the current is on and off, is taken as the 
intensity of magnetization, and one half of the corresponding field 
as the field of magnetization. 

In the hysteresis cycle for iron and nickel, the extreme intensity 
of magnetization and the coercive force for intermittent current are 
both greater than those due to steady current, and the area of the 
hysteresis cycle increases with the frequency, a fact which is in 
accordance with Wien’s results. This is shown in the following 
table : 


Frequency. n=0 mn = 107 m == 213 n = 304 


Apparent dissi- 

pated energy 

for iron. 5325 5520 6340 6625 
Apparent dissi- 

pated energy 


for nickel. 1931 2029 2183 2336 


§ 7. The summary of these results runs as follows: 

1. For iron, steel and nickel wires, the magnetization in weak 
fields decreases as the frequency of the intermittent current is in- 
creased. On the contrary, the magnetization in stronger fields in- 
creases with the frequency. 

2. The diminution of magnetization by a definite frequency of the 
intermittent current becomes greater as the field is increased, till it 
reaches a maximum in a field near that of the maximum permeabil- 
ity; it then gradually goes on decreasing and continues in that 
state, till there is increase in the stronger intermittent field. 

3. The field, in which the change of magnetization vanishes in- 
creases with the frequency. 

4. The area of the hysteresis curve for the maximum field of 


27.7 C.G.S. units increases with the frequency ; it reaches a maxi- 
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mum and then gradually decreases. As regards the explanation 
of these facts, it only suffices to assume with Wien that the mag- 
netization has inertia. 

It is well known that, when the frequency is very small, the ex- 
tremities of the ordinates of the maximum intensity of magnetiza- 
tion by a gradually increasing intermittent current lie almost on the 
statical hysteresis curve between the same extreme fields. It is 
highly probable that at least within the range of the frequency used 
in the present experiment, the above result holds good. If this be 
true, the present experiment with intermittent current measures the 
same thing as that of Wien with alternate current. The remarkable 
coincidence between his and our results seems to justify the supposi- 
tion. If he pushed his experiments to a still stronger field, it seems 
quite likely that he would have reached sucha place, where the 
change of magnetization begins to increase with the frequency of 
the alternate current. 


PHYSICAL LABORATORY, IMPERIAL UNIVERSITY, 
ToKyo, JAPAN. March 26, Igo1. 
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THE SPECIFIC HEAT OF SOLUTIONS WHICH ARE 
NOT ELECTROLYTES. 


By WILLIAM FRANCIS MAGIE. 


1. This paper is a continuation of one published under the 
same title in this Review, Vol. IX., No. 2, August, 1899. _ It 
presents several series of specific heats of non-electrolytes in solu- 
tion, which furnish further confirmation of the law developed in that 
paper, but it is especially concerned with the examination of the 
questions: (1) whether the molecular heats of isomers in solution are 


always equal to each other; and (2) whether the molecular heat of 
a substance dissolved in different solvents is invariable or differs in 
the different solvents. 

2. The calorimeter employed was essentially the same as that 


described in connection with the earlier part of the work. Various 


sources of error or of inconvenience were detected in it during the 


progress of the investigation, and, to avoid these, certain changes 
were made in the details of its construction. The evaporation of the 
liquids in the calorimeter vessels was a most important cause of the 
irregularities which appeared in a series of determinations. The 
heat of vaporization of the solvent is so great in comparison with its 
specific heat that even very slight differences in the rate of evapora- 
tion from the two vessels are sufficient to introduce serious irregu- 
larities. To avoid this the calorimeter vessels were furnished with 


covers, to which the resistance coils were attached. The stirring 


was effected by rotating paddles borne by the covers. This ar- 
rangement considerably reduces the probable error of each deter- 
mination, and further relieves the observer of the necessity of 
weighing and refilling the vessels after each experiment. 

The paraffine coating which was used in the earlier work to pro- 
tect the resistance coils against electrolytic action was often in- 


effective, and the results of many observations had to be rejected 
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because of changes in the resistances. After many trials a satisfac- 
tory insulation was obtained by coating the coils first with asphalt 
varnish and then with ozokerite. Neither substance could be used 
alone, the varnish because it flaked off too readily and did not resist 
alcohol, the ozokerite, because it did not distribute itself well over 
the coils; but the double layer gave a tough and durable coating, 
which has protected the resistances perfectly since it was first 
applied. 

Certain other sources of small errors were removed either by 
attention to the construction of the instruments or by the adoption 
of a definite procedure in making the observations. It is not neces- 
sary to go further into the consideration of this matter here. I am 
constructing a new instrument in a form which will embody such 
improvements as I have made, and shall take another opportunity 
to describe its operation and to exhibit the results which may be 
obtained with it. 

3. The thermometers used were made for this work by Fuess. 
They are of Jena glass, No. 59, III., and are similar in size and 
shape. The graduation extends from 12° to about 34°, and each 
degree is divided directly into fiftieths. The reading microscopes 
are borne on the stems of the thermometers and are furnished with 
pointers which mark the center of the field of view, so that, by 
bringing the image of the mercury column between them, parallax 
is avoided, and a reading can be made by estimation to the thou- 
sandth of a degree. The thermometers were carefully compared 
with each other under the conditions of service. 

4. Cane Sugar in \Vater.—By way of confirmation of the results 
for cane sugar obtained in my earlier work by a less accurate instru- 
ment, a test of this solute in a solution for which V = 300 was 
made, with the result that the value of £, the molecular heat, was 
determined as 153.6. , Combining this value with those given in the 
former paper (§ 17), the mean value of £ becomes 152.8.' This new 
value does not materially change the calculated specific heats. 

5. Dextrose with Water of Crystallization in Water.—In order to 
deal with certain of the isomers of cane sugar, it is necessary to know 


1 By a misprint, the value of 5 for M-—150 is given in the former paper as 150; it 
should be 152. 
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how the water of crystallization, which they contain, shall be reck- 
oned in when the solution is made up. To test this matter I ex- 
amined dextrose, which can be prepared either with or without a 
molecule of water of crystallization. A solution of dextrose con- 
taining water of crystallization was made up with .V= 250, on the 
supposition that the water of crystallization leaves the dextrose when 
it dissolves and becomes a part of the solvent. The value of the 
molecular heat obtained with this solution was 78.9. This is in 
perfect agreement with the mean molecular heat given for dextrose 
without water of crystallization in my former paper (§ 18), and jus- 
tifies the supposition on which the solution was made up. 

6. Maltose in Water—The maltose was obtained from Kahlbaum. 
The solution was made up on the supposition that the water of crys- 


tallization becomes part of the solvent. 


Malt tn Water. Molecular Weight, 342. 


Observed. Calculated. 


300 0.9657 0.9653 145 

400 0.9735 0.9735 142 

445.4 0.9760 0.9762 141 
Mean molecular heat. 142.7 


7. Milk Sugar in Water.—The milk sugar was obtained from 
Merck. It was sufficiently dry and pure to be used directly. The 
solutions were made up on the supposition that the water of crystal- 
lization becomes a part of the solvent. 

The first trials with the solution for which .V= 200 showed an 
apparent progressive change in the specific heat of the solutidn and 
therefore in the molecular heat of the solute. This change could not 
be traced to any failure of the calorimeter, and repetitions of the 
test with fresh solutions proved that it was really due to the propes- 
ties of the solution. Three sets of determinations were made, of 
which the results are given in the following table. The numbers 
given are the apparent molecular heats obtained at intervals of about 


dD 
25 minutes. They are arranged so as to bring the numbers cor- 


responding to the same condition of the solution in the same _ hori- 


zontal row. 
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Milk Sugar in Water. Successive Values of 5 at 25-minute Intervals. 


111. Means. 
147 148 147 
135 139 139 138 
143 143 147 144 
146 148 148 147 
149 151 148 149 
151 151 
153 153 
150 
146 
150 150 
151 


Solution II. was tested after 2 days and gave a constant molec- 
ular heat, 144 ; and after 13 days it gave again a constant molecular 
heat, 146. <A solution of the same strength which was made up in 
boiling water and tested after 3 days gave also the constant molec- 
ular heat, 146. 

A solution of milk sugar for which .V = 300, made up with cold 
water, showed no changes in the molecular heats except such as 
might easily be due to the errors of observation. The molecular 
heat obtained for it was 155. <A similar solution made up in boiling 
water gave the constant molecular heat, 154 ; but tested after 2 days 
it gave the constant molecular heat, 144. Apparently the molec- 
ular heat reaches its maximum value more speedily in the more 
dilute solution. The condition reached after the lapse of consider- 
able time may be considered the true and final condition of the so- 


lution. For this condition the results are as follows: 
Milk Sugar (C\,H.0,, + H,0) in Water, Molecular Weight, 342. 


Observed. Calculated. 

200 0.9501 0.9499 145 

300 0.9656 0.9656 144 
Mean molecular heat. 144.5 


It has been shown! that the rotatory power of a solution of milk 
sugar in water for polarized light changes gradually after the solu- 


! Erdmann, Berliner Ber., 13, p. 2180. 
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on 


tion is made up until after about seven hours it attains a value 
which remains constant from that time on. This phenomenon is 
not accompanied by any perceptible temperature changes. Erd- 
mann ascribes it to the gradual formation of an allotropic modifica- 
tion of the milk sugar in the solution, a modification which cannot 
exist in the dry state. In the light of this evidence for molecular 
changes in the solution we may ascribe the changes in the molecular 
heat to the changing form of the molecules and to the consequent 
changes in the restraints to which their various parts are subjected. 

Erdmann found that when the solution is boiled for a short time 
it shows at once the final value of the rotatory power. To see if 
boiling would produce a similar effect on the molecular heats two 
trials were made with solutions in which = 200, made up in boil- 
ing water and boiled for five minutes. In both trials the molecular 
heats showed variable values, beginning with about 145 and in- 
creasing gradually to 155 or more. One of these solutions when 
tested after 3 days gave the constant value 146. 

8. Levulose in Water.—The levulose used in the two more dilute 
solutions was obtained from Kahlbaum, in the form of “large and 
beautiful formed crystals, which were transparent and exhibited the 
smallest trace of straw color. These crystals were permanent in 
the air.” ' 

The powdered levulose had been kept for a year in a stoppered 
bottle, and when exposed over sulphuric acid for two days, it 
showed a slight loss in weight, less than one part in a thousand. 
It was then assumed to be dry. The most concentrated solution 
was made from the ordinary form of levulose, and its exact concen- 
tration was determined from its specific gravity. 


Levulose (C,H,,O,) in Water. Molecular Weight, 180. 


ad Observed. Calculated. 

201.5 0.9761 0.9763 89 
300 0.9837 0.9838 88.8 
400 0.9880 0.9878 91.2 
Mean molecular heat. 89.6 


1 Loomis, Puys. Rev., Vol. XII., No. 4, April, 1901 
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9g. Mannite in Water.—In the former paper the values given for 
the molecular heat of mannite in water were not constant. It was 
there stated that the probable value for the molecular heat was about 
108, the value obtained for the solution for which V = 400, and 
that the other values were in error. I have redetermined the 
specific heats for solutions of mannite, with the following results : 


Mannite (C,/1,,0,) in Water. Molecular Weight, 182. 


ad Observed. Calculated. 
107.8 0.9658 0.9651 109.2 
200 0.9806 0.9804 108.6 
400 0.9900 0.9900 108 
500 0.9917 0.9919 106 
Mean molecular heat. 108 


In this table the result of the earlier work for V= 400 is in- 
cluded, which was not affected by the circumstances to which the 
erroneous values for the other concentrations were due. 

10. Dulcite in Water.—The dulcite used was obtained from Kahl- 
baum, and was assumed to be pure. It dissolves with difficulty 


and only dilute solutions were used. 


Dulcite (CyH,,0,) in Water. Molecular Weight, 182. 


Observed. Calculated. $ 
400 0.9883 0.9885 96 
500 0.9910 0.9908 99 


Mean molecular heat. 97.5 


11. The isomers resorcin, hydroquinone and pyrocatechin were 
chosen for special investigation because they could be obtained from 
the chemists in reasonable purity, and because they dissolve in 
alcohol as well asin water. When their molecular heats are the same 
within the limits of probable error they will be combined to give the 


mean molecular heat and the calculated specific heats will be those 


determined from this mean. 
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12. Resorcin and Hydroquinone in Water. 


Resorcin (C,H,O,) in Water. Molecular Weight, 110. 


, 
Observed. Calculated. 
300 0.9916 0.9915 64 


400 0.9936 | 0.9936 | 63 


Hydroguinone (C,H,O,) in Water. 


sal Observed. Calculated. 

300 0.9915 0.9915 63.4 

400 0.9936 0.9936 63.2 
Mean molecular heat. 63.4 

13. Pyrocatechin in Water. 
Pyrocatechin (C,//,0,) in Water. Molecular Weight, 110. 

id Observed. Calculated. 

300 0.9937 0.9938 75 

400 0.9953 0.9952 76 
Mean molecular heat. 75.5 


14. Resorcin, Hydroguinone, and Pyrocatechin in Alcohol.—The 
alcohol used in these solutions was an ordinary good commercial 
alcohol, with a specific gravity about 0.815, and containing about 10 
per cent. of water. The specific heat of alcohol containing 10 per 
cent. of water is given by Dupré and Page ' as 0.6576, and this value 
was accordingly taken as the specific heat of the solvent. This 
value cannot be so far wrong as to affect the conclusions which are 
drawn from the results. 

In these cases, where the solvent has no definite constitution, the 
specific heats themselves have no interest. I shall therefore give 
only the molecular heats, determined for two concentrations, which 
nearly correspond, in respect to the volume occupied by one gram- 


1 Phil. Trans., 1869 ; Pogg. Ann., Ergainzungsband V., p. 21. 
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molecule of the solute, to the solutions with water in which V = 300, 
and V= 400. These concentrations are designated respectively by 


I and II. 
Molecular Heats in Alcohol. 


I II Means. 
Resorcin. 58.3 55.2 56.7 
Hydroquinone. 56.1 57.3 56.7 


Pyrocatechin. 57.6 56.6 57.1 


15. Phenol in Water and in Alcohol.—The phenol used was ob- 
tained from Merck. It was sufficiently pure for the tests made upon 
it. Its molecular heat determined in water, in a solution for which 
N = 300, was 71.5. In an alcoholic solution, in which the volume 
occupied by the phenol was very nearly that which it occupied in 
the aqueous solution, the molecular heat was 51.4. In accordance 
with what might be expected from its formula, C,H,O, its molecular 
weight, 94, and its nature, it shows a marked resemblance to the 
three isomers just considered. Its behavior is analogous to that of 
pyrocatechin. 

16. In commenting on these results, attention may be directed 
first to the general confirmation afforded by them of the theory de- 
veloped in the earlier paper. The molecular heats are constant for 
different concentrations when the solutions are so dilute that the 
assumptions of the theory apply to them. This is true even in the 
case of the alcoholic solutions, although other alcoholic solutions 
do not obey this law. In all these cases, therefore, the osmotic 
pressure is directly proportional to the absolute temperature. In 
several of these solutions Loomis ' has shown that the depressions 
of the freezing temperature indicate a certain degree of association 
among the molecules of the solute. The constancy of the molec- 
ular heats obtained with different concentrations for these solutions 
shows that this association is not noticeably changed by a change 
of temperature. 

A word may be said about the range of concentration through 
which the molecular heats are constant. In my experiments, in dif- 
ferent cases, this runs from about the concentration ef a ‘“ normal ”’ 


1 PHYSICAL Review, Vol. XII., No. 4, April, 1901. 
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solution to that of a ‘“ tenth-normal,” as used in the determination 
of electrical conductivities and of freezing temperatures. For such 
concentrations the study of the depression of the freezing temper- 
ature indicates that the osmotic pressure of the solution does not 
accurately conform to Boyle’s law. On the other hand, the con- 
stancy of the molecular heats indicates that the osmotic pressure 
does conform to Gay-Lussac’s law. These relations are perfectly 
comparable with those exhibited by gases under pressure, for which 
Boyle’s law is never more than an approximate statement of the rela- 
tions between pressure and volume, while the ratio between the 
pressure and the absolute temperature is very closely a constant. 

17. It is evident, secondly, that the molecular heats of isomers 
in solution in the same solvent are not always the same. Thus the 
molecular heats of maltose and of milk sugar in its final condition 
are nearly the same, but differ from the molecular heat of cane sugar. 
The maximum molecular heat attained for milk sugar during its 
period of change is the same or nearly the same as that of cane 
sugar, but differs from that of maltose. The molecular heats of 
dextrose and levulose differ considerably, as do also those of man- 
nite and dulcite. The molecular heats of resorcin and hydro- 
quinone in water are the same, but differ from that of pyrocatechin. 
On the other hand, the molecular heats of all three of these sub- 
stances in alcohol are the same. These solutions, therefore, furnish 
another illustration of the impossibility of representing the molec- 
ular heats of compounds by sums of constant atomic heats of their 
constituent atoms. 

18. It is possible to obtain these molecular heats, at least to a 
fairly close approximation, in the way proposed by K. Puschl,' by 
assigning to each atom one of the numbers 12, 6, 3, 1.5, 0.75 ; but 
the perfectly arbitrary way in which the numbers assigned to any 
one element differ in the different compounds deprives them of any 
physical significance. 

19. The only way, I think, to explain the values of these molec- 
ular heats is to refer them, in general terms, to the degrees of 
freedom introduced by the solute into the solution. A very inge- 
nious, and in many respects successful attempt has been made by 


1 Beiblatter, Bd. 24, No. 10, p. 1103. 


WILLIAM FRANCIS MAGITE. [VoL. XIII. 


Staigmiiller' to calculate the specific heats of the gases from plaus- 
ible hypotheses as to the degrees of freedom of their molecules ; 
but no such calculation can be made with these substances, partly 
because of the complexity of their molecules, which makes an esti- 
mate of their degrees of freedom impossible, and partly because 
there is no reason to think that the molecular heats determined for 
them in solution are due entirely to their own molecular structure 
and not rather to a more complicated structure containing in one 
group a molecule of the solute and one or more molecules of the 
solvent. By supposing the molecular heats to be due only to the 
molecules of the solute, it is possible to calculate from them by 
Staigmiiller’s formulas the degrees of freedom of the molecules of 
the different substances examined. Certain curious and at first sight 
promising relations appear among the degrees of freedom thus cal- 
culated, and it is possible to reproduce them, in at least two differ- 
ent schemes, by assigning a certain number of degrees of freedom, 
not exceeding three, to the atoms of each element in the molecule. 
Notwithstanding a very considerable regularity in the numbers as- 
signed to the elements in the different compounds and marked 
analogies which appear between the sets of numbers assigned to 
the isomers and to compounds of generally similar character, I am 
forced, for the reasons just adduced, to reject all such schemes for 
the present as illusory or at least as impossible of proof. 

20. It is evident, thirdly, that the apparent molecular heats of 
the same solute differ in different solvents. It is, therefore, inad- 
missible to consider the process of solution as the mere passage of 
the molecules of solute into a state in every way equivalent to the 
gaseous state. The solvent must interact with the solute, so as 
either to change the structure and the number of degrees of free- 
dom of the solute or to experience a change in its own structure 
and the number of its degrees of freedom. 

21. The specific heats of electrolytic solutions confirm the con- 
clusion that there is an interaction between the solute and the sol- 
vent, and indicate that for such solutions, at least, the soivent is 
itself affected by the presence of the solute. It was shown by 
Thomsen’ that the specific heats of aqueous solutions of electro- 


1 Wied. Ann., Vol. 65, 1898, p. 655. 
2 Pogg. Ann., 142, p. 337, 1871. 
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lytes are in general lower than those which would be expected if 
the heat capacities of such solutions were the sums of the heat ca- 
pacities of their constituents. Indeed, in most cases the apparent 
molecular heats of the solutes, calculated on the hypothesis that the 
molecular heat of the solvent remains constant, become negative 
with increasing dilution. It is plainly inadmissible to assign nega- 
tive specific heats to the solutes or to any part of them, and we are 
forced to assume that the specific heat of the solvent or of a part of 
it is diminished by the presence of the solute. I shall postpone a full 
discussion of this matter to some future time, when the experi- 
mental data are more complete. It will be sufficient at present to 
state that by proceeding on a particular form of this assumption, we 
are led to a formula for the heat capacity C of an electrolytic solution 


of the form 
C=H+A—PB, 


in which // is the original heat capacity of the solvent, / is the dis- 
sociation factor, or the ratio of the mass of the solute which is dis- 
sociated to the whole mass of the solute, and A and P are constants 
to be determined from the observed heat capacities. This formula 
applied to the solutions examined by Thomsen, gives a very exact 
reproduction of the heat capacities found by him for different con- 
centrations. The agreement is so complete as to leave little doubt 
that the hypothesis upon which it is obtained is justified.' 


1Paper read before American Physical Society, April 27, t901; Bulletin of Am. 
Phys. Society. 


\ 
‘ 
| 
ve 
| 


102 MARTIN D. ATKINS. (VoL, XIII. 


POLARIZATION AND INTERNAL RESISTANCE OF 
ELECTROLYTIC CELLS. I. 


By MARTIN D. ATKINs. 


INTRODUCTORY NOTE ON THE POLARIZATION-CAPACITY OF ELECTRO- 
LyTic CELLs.! 


T is well known that an electrolytic cell behaves like a condenser, 
or better, two condensers in series, a difference of potential being 
produced by the passage of a quantity of electricity. In general 


c is called the polarization capacity and is obviously a variable quan- 
tity becoming infinitely large after a certain maximum limit of polar- 
ization has been reached. On the other hand c has a definite value 
when the time ¢, during which the current is flowing is decreased to 
zero. This value seems to be of importance and is called the “ initial 
capacity’ or short “the polarization capacity’ of a cell. 
Apparently the polarization-capacity may be approximately deter- 
mined by alternating current methods. Varley,? M. Wien,*® Gor- 
don,t Neumann °* and many others have worked on this problem and 
though their results are not in absolute agreement, it may be as- 
serted that every metal has a definite “ initial polarization capacity ”’ 
with electrolytic solutions. Concentration and temperature of solu- 
tion have some influence upon its value and here the different experi- 
menters arrive at widely different results, a great many disturbing 
factors entering into the process. So far only small polarization 
capacities, principally Pt and Hg in H,SO, have been measured. 
By knowing the exact formula for polarization as a function of the 
time and determining the constants, we will be able to calculate the 


1 By K. E. Guthe. *Wied. Ann., 61, p. 1, 1897. 
2 Proc. Roy. Soc., 1871. 5 Wied. Ann., 1899. 
3 Wied. Ann., 58, p. 37, 1896. 
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capacity of a cell from these data. Wiedebu rg has done so by mak- 
ing use of Bartoli’s experiments on Pt in H,SO, and found a result 
agreeing quite closely with Kohlrausch’s direct results. 

In a former paper’ I have been able to show that Bartoli’s em- 
pirical formula, being the same as one derived by Wiedeburg from 
a few theoretical suppositions, explains the apparent change of the 
internal resistance with different current densities, very often at- 
tributed to a ‘resistance of transition.” 

This formula has the simplified form 


(1) 
where / is a constant, ‘“‘the maximum polarization,” @ a constant 
depending on the size of the electrodes and g the quantity of elec- 
tricity having passed through the cell. 

By a simple arrangement of the apparatus, namely by using an 
E.M.F. very large in comparison with P and using a large non- 
inductive resistance in series with the cell we were able to have a 
constant current through the cell during one observation, such that 
we could employ the formula 


pl = rl + P(t (2) 


where p is the apparent and ¢ the real resistance of the cell. In the 
paper mentioned I have shown that this formula represents the re- 
sistance curve obtained for Cu in CuSO,,. 

The same method enables us to determine the polarization ca- 
pacity of the electrolytic cell and this method is also very well 
applicable to cells of very large polarization capacities, as those of 
the so-called unpolarizable electrodes. 

It follows from equation (1) that the polarization capacity is 


yart 


, ¢ 
“= Pa 
and the initial capacity 
I 
or using formula (2) 
t 
= 


1Puys. REV., 7, p. 193, 1898. 
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From the values of P and & calculated from the curves and know- 
ing the time ¢ and the area of the electrodes we can easily deter- 
mine the capacity of unit area of the electrodes. 

I wish to correct a slight error, which occurs in my former paper. 
From equation (2) we see that for very large currents the apparent 
resistance equals the real resistance of the cell. For zero current 
p —7r= PK, or the curve will cut the Y axis, on which the p’s are 
plotted at a distance equal to PX above the real resistance. 

We have therefore here a constant current method for finding the 
polarization capacity of an electrolytic cell, applicable also to large 
capacities, which cannot be determined by alternating current 
methods. 

On the other hand all the disturbing influences, which have been 
found by other observers, will be noticeable here. This method 
may therefore be used to a great advantage in the study of the 
changes going on in an electrolytic cell. 

It will also enable us to throw some light on peculiarities, ob- 
served in researches on the resistance of transition. 

MicuH. Univ. PHysiIcAL LABoraTory, June, 1899. 
Part I. THEORY AND FORMUL#. 

Of the various theories, advanced in explanation of the phe- 
nomena observed in electrolytic cells, that of Wiedeburg’ is de- 
serving of attention in that it is expressed in mathematical for- 
mulz, and that it explains, by polarization alone, those various 
changes, attending the passage of an electric current through a cell, 
which, by other theories, have been ascribed to causes as various 
as the theoriesthemselves. An investigation of this theory becomes 
then one of extreme interest ; since, should it be found to accord 
with the results of experiment, the question of what occurs within 
an electrolytic cell would be much simplified. An added interest 
has attached to this subject, since this investigation was begun, 
owing to the fact that Dr. Guthe has derived a formula, reducible 
to the exact form of that of Wiedeburg, from considering the polari- 
zation capacity alone. By making use of this derived formula and 
the hypothesis that the polarization capacity, for any given solution 
and electrodes, is constant, the method of this research becomes ap- 

1 Wiedeburg’s Habilitationschrift, Leipzig, 1893. Wied. Ann., 51, 302, 1894. 
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plicable to the measurement of the polarization capacity of a given 
cell.! This assumption is in agreement with the experimental re- 
sults of several investigators, among whom may be mentioned : 
Herwig, 1871 ; Blondlot, 1881 ; Kohlrausch, 1878; and others. 

It was for the purpose of determining, if possible, the value of 
Wiedeburg’s theory, and the application of the formulz he derives, 
that this investigation was undertaken. It may be said to have had 
as its objective points the answering of these two questions: (a) ‘Is 
the change in the resistance of an electrolytic cell with varying cur- 
rent a real or an apparent change?” (4) “ Does the Wiedeburg 
theory, with its derived formulz, satisfy the known conditions, and 
the characteristic curves, of this change ?” 

In a preliminary paper,? making use of some of the first results 
of this research, Dr. Guthe has described the method employed and 
given a brief statement of the theory of Wiedeburg. In the interest 
of unity, however, these points may well be briefly treated here. 

A statement of his fundamental hypotheses is given by Wiede- 
burg* as follows: ‘I assume that under all circumstances, even 
with extremely small electromotive forces, electrolysis occurs, viz : 
of such a nature that in general a part of the ions of the electrolyte, 
accumulating at the electrodes, is neutralized; 7. ¢., undergoes 
chemical transformation with loss of its electric charge. This neu- 
tralization advances with a variable rapidity, in accordance with a 
law very similar to that of ordinary chemical reaction. The more 
numerous are the unneutralized, polarizing ions, accumulated before 
the electrodes, the more rapidly the further accumulation diminishes 
with the time ; and the more rapidly, on the other hand, the neu- 
tralization (electrolysis) proceeds. The increasing polarization 
would soon produce a cessation of the migration of the ions, for 
every E.M.F. below its maximum, were it not that other processes, 
not electric in their nature, operate constantly to decrease it ; remov- 
ing the ions, partly by transference to the interior of the electrodes 


1 Guthe and Atkins, Polarization and Polarization Capacity of Elect. Cells, Proceed 
ings A. A. A. S., 1899, p. 109. 

2 Polarization and Internal Resistance of Electrolytic Cells : Guthe, PHys. REv., Vol. 
VII., No. 38. 

3¢¢ Zur Frage nach dem Grundgesetz der Elektrolyse,’’ O. Wiedeburg, Zeit. Phys. 
Chem., XIV., I., 1894. 
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—occlusion—partly by union with neutral dissolved substances, 
é. g., atmospheric oxygen. It is evident then that, even with an 
E.M.F. far less than a Daniell, by suitable arrangement of the appa- 
ratus, an actual electrolysis of ‘ acidulated water’ may be brought 
about, increasing even to the point of the evolution of gas.” 

Let us now apply this theory to the simplest possible case, that 
of a metallic electrode in a solution of its own salt. If we pass 
through such a cell any current, of even the slightest E.M.F., the 
ions are swept to the respective electrodes, carrying their electric 
charges. Some of these ions pass at once to the electrodes, giving 
up to them their electricity, becoming themselves neutral and con- 
tributing nothing to the counter-electromotive force of polarization. 
Not all the charged ions however thus give up their electricity, some 
remaining heaped up before the electrodes. The difference in con- 
centration thus produced results in the counter E.M.F. of polariza- 
tion. The number of ions free at any instant, with any given solu- 
tion and electrode, is proportional to the difference between the 
maximum concentration possible and that obtaining at the moment 
under consideration. 

The formulz derived from these suppositions by the author of 
this theory are the same as those of Bartoli’ upon whose experi- 
ments they are founded, viz : 


P. 


Here fis the momentary value of the polarization, whose maximum 
values are denoted by /, and P,, for the respective electrodes ; /3, 
and 3, are constants depending upon the electrodes. S, and S, de- 
note the areas of the electrodes; and g the quantity of electricity 
that has passed through the cell. 

In the case under consideration, since the electrodes are identical 
in kind and of equal areas, 3, = 3, and S, = S,; and the formula 
simplifies to 


(II.) p=P(1—e-). 
If now we make the times of each discharge through the cell very 


1 Wied. Elektricitat, Vol. II., 883. 
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short, and the same for all currents, since g= /¢ (II.) reduces to 


p= P(t 
Brl 
Then for ( . ) we may write A’/, and equation (II.) becomes 
(III.) p= 


Deriving the expression for the current in accordance with Ohm’s 
law we obtain 


(IV.) ) 


Where £’ is the applied E.M.F. at the terminals of the cell, and + 
its internal resistance. Upon the assumption that no polarization 
has occurred in the time of passing the current, the apparent inter- 
nal resistance p is usually computed from the formula 


(V.) 


Substracting (I1V.) from (V.) gives equation (VI.), another form of 
equation (IV.) 


p-r= 


Inspection of this equation shows that the apparent resistance, as 
usually found by methods taking no account of the polarization, is 
larger than the real resistance r, found by this method in accordance 
with Wiedeburg’s theory. In every case where comparison could 
be made with results obtained by the Kohlrausch method, this con- 
dition has been fulfilled ; while the method has the advantage of ap- 
plicability to those cases in which the latter method could not be used. 
Further inspection of equation (VI.) shows that for very large cur- 
rents, and small polarization, , the apparent, becomes equal to 7, 
the real, internal resistance ; while, for zero current, p —r = AP. 

If the apparatus be of such sort that the times for several series 
of observations can be maintained the same, we may form the fol- 
lowing series of equations : 


kh 
(VIL) 
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2 
If now we assume 7, = 7, we obtain, by combining three observa- 
tions, the following equations 


The values of £ and / can be computed from the observed data 
and the quotient Q thus determined. A’ is then computed by suc- 
cessive substitutions until the assigned value satisfies the second 
member of the equation. In practice, usually, values were found 
for A which gave values for Q, lying near, but both above and be- 
low, the required value. By plotting a curve then, with the as- 
signed value of A and resulting quotients, Q, the value required, 
could be taken from the curve. Equation (IX.) could then be 
solved for P. Evidently, were there nothing to indicate the region 
to be explored for the value of A, such a method, involving a large 
expenditure of time and a wearisome amount of computation, would 
be of little practical value. Fortunately it is possible to obtain at 


(VIII) 


(IX.) P 


once, in most cases, approximate values for both A and 7. 

Inspection of equation (IX.) shows us that, in case of large cur- 
rents, with A’ large, as it is when the electrodes are small, the fac- 
tor (1 — ¢-*’) is approximately equal to1. If then we make use of 
observations taken with large currents, we may use equation (IX.) 
in this modified form. 


El, — 


(IX.*) “1, which gives us 7 at once. 

There are then two methods for obtaining approximate values 
for A. (1) We may compute + for all currrents, beginning with 
the largest used, and taking an average from such values as do not 
largely differ. With this mean value, and the observations made 
with smallest currents, we may compute A from equation (VI.). 

P(t 
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(2) From an observation with large current combined with one 
when the current is small we obtain 


r= - = which solved for gives 


1 


P 
log] 7 
(X1.) K=- /, log 2 

Having, by either of these methods, approximate values for A 
and P, the solution, by successive substitutions and the use of the 
curve, becomes less difficult. The latter of these methods was the 
one employed almost exclusively, in the second part of this investi- 
gation, in every case where A was sufficiently large to render it ap- 
plicable. 

It may be said in further explanation of the formule, that, with 
the high applied E.M.F.—from 66 to 82 volts—employed in these 
experiments, and the small values obtained for the polarization—in 
only one case exceeding 0.2 of a volt—the assumption that / in any 
case does not vary while the current is flowing is certainly correct 
to a degree far within the limits of negligible error. 


THE APPARATUS AND METHOD. 


The apparatus used was the pendulum apparatus designed by Pro- 
fessor Henry L. Carhart’ and the arrangement was that shown in 
the accompanying diagram (Fig. 1). The pendulum when released 
struck and overturned in order keys I. to IV., causing a current from 
the storage battery 4, with an E.M.F. of from 66 to 82 volts, to 
flow through the electrolytic cell £ during the passage of the pen- 
dulum between these points. When key II. was thrown by the 
pendulum in its passage the condenser A was charged at will—as 
determined by the commutator C—with either the difference of po- 
tential between the electrodes, or that between the terminals of the 
known resistance RX. This resistance was made nearly equal to that 


1 Puys. REV., II., 392, 1895; Carhart & Patterson, Elect. Measurements, p. 106, 
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of the cell under investigation, to eliminate possible errors which 
might arise from widely diverging deflections of the galvanometer. 
The condenser was discharged through the galvanometer G when 
key III. was overthrown. The condenser used was one which careful 
tests had found approximately free from leakage and absorption. 
The constant (102.1) for the ballistic galvanometer, had been many 
times carefully determined. Deflections were read from the image 
of an aperture and crosswire upon a ground-glass scale ; and, by the 
use of reading lenses, could be easily determined to tenths of a scale 


LJ Lv fl 


o 


\ 


Fig. 1. 


division. Later in the investigation, after the eye had become ac- 
customed to the work, it was found possible to dispense with these 
lenses. 

Several points of possible error, which suggested themselves, were 
the subjects of preliminary investigation. It was thought possible 
that, with the smallest currents used, there ‘might be a loss in charg- 
ing the condenser ; or that it might not fully charge in the short in- 
terval allowed for this purpose. To determine the first of these 
points a key was placed in the galvanometer circuit. The pendulum 
was then allowed to swing, charging the condenser, but without 
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discharging it. It was then charged again and allowed to discharge 
as usual through the galvanometer. Readings, thus obtained, did 
not differ from those obtained by the single charging of the con- 
denser. To determine the second point, the time of charging the 
condenser was varied largely, key II. being even placed before key 
I., so that the condenser was in circuit before the current began to 
flow. The results did not change. It was then evident that the 
condenser was fully charged, even by the smallest currents, and 
that there was no loss upon these currents within the condenser and , 
its circuit. | 
To eliminate adventitious potential differences, either within the 
cell or condenser, keys, not shown in the diagram, were introduced, 
by means of which bath were kept short-circuited until the instant 
of releasing the pendulum. 
Although the current was allowed to flow for such short intervals, 
it was found that, with some cells, a marked polarization gradually 
established itself. To eliminate this, together with possible errors 
in the galvanometer, a reversing key, 7, was introduced, by means 
of which the cell could be depolarized, or the readings tested, if 
desired. 
A somewhat extended, though unsatisfactory, investigation, made 
early in the work, seemed to indicate that temperature changes had 
very little influence upon the nature of the curves obtained. An 
example of this is seen in the two curves for bright platinum elec- 
trodes (in H,SO,), shown in Plate III., No. 1. It will be seen that, 
with so great a difference in temperature as 17 degrees, the curves, 
reduced to the same resistance, are nearly identical. Although a 
further investigation of this question is intended, and necessary, be- 
fore an authoritative statement can be made as to the effect of tem- 
perature upon the constants, it is quite certain that such small 
changes as may have occurred in the course of an investigation, 
rarely reaching 1.5 degrees, could have had no appreciable influ- 
ence upon the results. Precautionary measures were always taken, 
by using large amounts of the solutions (from 2 to 10 liters), and 
by placing the cells in a constant temperature bath. By this 
means, also, irregularities due to variations in density, convection 
currents, etc., were reduced to a minimum. 
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PRELIMINARY INVESTIGATION OF CUSO, BETWEEN CopPER ELECc- 
TRODES. 


Since in the preliminary investigation, already reported by Dr. 
Guthe, copper electrodes in a solution of CuSO, had been em- 
ployed, with results in such seeming accord with the theory, the 
first step in this investigation was a repetition of the observations 
with these materials. Copper electrodes 10 x 13 cm. were used, 
insulated—as were all plates investigated—upon the back with a 
coating of beeswax. The solution was prepared by dissolving 25 
grammes of C. P. copper sulphate in 1 liter of distilled water at 
20°. It became very soon evident that the results obtained de- 
pended upon how long the electrodes had been in the solution. So 
an experiment was made to determine, if possible, the reasons for 
the irregularities observed. Successive observations were taken ; 
one, immediately after placing the plates in the solution ; another, 
after two and one-half hours; and a third, after twenty-four hours. 
The three curves, for the change in apparent resistance () with the 
current (/), are shown in Plate II., Fig. 1, Nos. I., II., II. Since 
it seemed probable that the great increase in apparent resistance 
was due to oxidation, it is of interest to note that, despite the great 
disparity in range of the three curves, they start at the same point ; 
z. ¢., the actual resistance 7 is the same in each case. This fact in- 
dicates that it is not really an increase in resistance, due to a badly 
conducting film of copper oxide, as has been said, but, rather, an 
effect due to polarization and its conditions. A possible explana- 
tion of this change will be given later, in the general discussion of 
the results. From the tables of results which follow, it may be 
seen that, while the first curve is well satisfied by our formule, the 
second is less, and the third still less, in agreement therewith. 

The notation employed in these, as in all tables to be given here- 
after, is the following: Cap., in the first column, denotes the ca- 
pacity of the condenser in Micro-Farads; dC, the galvanometer de- 
flection upon the cell ; ¢@R, the same upon the resistance. / signi- 
fies the current in amperes; », the apparent resistance in ohms; 7, 
the internal resistance computed according to the Wiedeburg 


formula; P, the maximum value of the polarization in volts ; 
(1 —e~“’), the correction factor. 
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To avoid the errors arising from taking small differences of values 
from observations lying adjacent, it has been the custom in all these 
computations to divide the observations into two groups, as has 
been done here, ¢. g., P is computed from 1, 4; 2, 5; 3, 6 and 4, 
7 respectively. 

TABLe I. 


Oxidation Curve, Cu in CuSO, Nov. 19. T=25.5°; ohms. Electrodes 
10 13 cm. Solution 25 G. in ll. P=.056; XP—1.12. 


Cap. dC dR p y P 


5.50 1.0000 5.41 
0.2 187.5 168.0 .3291 5.58 -9983 5.41 


0.6 245.7 212.0 1385 5.80 -9019 5.42 

1.0 212.8 177.0 0693 6.01 .7395 5.42 .0564 

108.5 87.0 -0341 6.24 -4829 5.44 -0589 
44.5 35.0 -0137 6.36 5.41 -0547 


6.39 5.40 -0530 


TABLE II. 
T= 2.1°: R 


Nov. 19. . 5 ohms. Electrodes 
and solution undisturbed. K —30.56; P=.101; AP=3.09. 


Il. Oxidation Curve, afler 2% hours. 


Cap. dC dR I p 


178.0 161.0 6307 5.53 1.0000 


5.37 


0.2 194.7 169.5 .3320 «5.74 5.44 

0.6 265.5 213.0 .1391 6.23 9853 5.41 

1.0 238.3 177.7 6.70 8808 5.44 
127.8 87.5 —-7.30 6492 5.390975 
54.8 34.7 7.90 .3399 5.38 

3.2 109.0 67.0 .0082 813 5.40 


It is unnecessary to give the data for the third oxidation curve, 
as the changes there have become so great that the formula no 
longer gives any satisfactory results. While, iin general, the 
changes are in the same direction—A having increased to about 46 
and P to .21—the values obtained for » vary much more widely 
than the allowable amount from the constant value demanded by 
the formula. 

Another observation, with the same solution and another pair of 
electrodes, is given here, for purposes of comparison.' 


1 See also Tables XNVII.-XXVIII. of this paper. 


+s 28.0 21.9 .0086 


MARTIN D. ATKINS. [Vor. XIII. 


Taste III. 
Copper Electrodes in CuSO, (25 G.in1Z.). Nov. 26. T=23.0°; R=5.0 ohms ; 
K= 30; P= .054; K P= 1.62. 


AI 


Cap. aC aR v4 p r P 
-10 187 164 -6425 5.70 1.0000 5.62 
25 251 216 .3385 5.81 1.0000 65 
210 173 6.08 -9283 
1.00 220 174 -0682 6.32 -8708 -63 0549 
3.20 370 278 -0341 6.67 -6400 -63 -0531 
156 111 -0136 7.03 .3350 65 -0549 
95 66.5 -0082 7.14 .2178 65 


The curve, for observed and calculated values for p, for a set of 
observations with copper in CuSO,, is given on Plate III., No. 2. 
It will be seen that again, as in the former investigation with these 
materials,’ there is good agreement between the values thus obtained. 
While it was evident, then, that with copper electrodes, freshly 
introduced into a solution of copper sulphate, results in agreement 
with the theory of Wiedeburg could be obtained, it was desirable, in 
order that extended observations might be made, that a metal be 
used less subject to the disturbing influence here encountered. 
Upon the supposition that this was due to oxidation, the next metal 
tried was silver, in a solution of silver nitrate. 


OBSERVATIONS WITH SILVER IN SILVER NITRATE. 

Into a solution of AgNO,, 100 g. in 1 liter at 20°, the elec- 
trodes, silver plates, 7.9 x 12 cm., were introduced and successive 
observations made, as had been done with the copper. These 
observations extended through a period of five days ; and showed a 
similar increase in the range of apparent resistance. The longer the 
plates remained in the solution, the greater this range became, as 
will be seen by the following table. 

TABLE IV. 


Silverin AgNO,. Time change in p. 


on. Interval. Range of Apparent Resistance. 
1 53 min. 1.11 to 3.40 7. ¢., 2.29 ohms. 
4 hours. 1.12 4.68 3.7% 
3 60 1.19 to 5.45 4.26 


1Guthe, K.E., PHys. Rev., Vol. VII., p. 197. 
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It is to be noted that here again, as with the copper, there is no 
increase in the real resistance. Correcting for temperature the 
curves all start at the same point; while the range through which 
the apparent resistance changes is more than doubled. That this 
phenomenon is due to oxidation is impossible ; for, as far as could 
be detected, the plates were as clean and bright at the end of the 
test as when placed in the solution. Further, the plates were then 
removed from the cell and burnished; then replaced in the cell ; 
and in the next five days, showed only the following change. 


TABLE V. 


No. of 
Observation. 


Interval. Range of Apparent Resistance. 


1 50 min. ~ 1.27 to 9.00 z. ¢., 7.73 ohms. 
2 5 days, 1.38 to 9.48 ‘* 8.10 * 


An investigation, as to whether this change is one of the electrodes 
or the solution, while of great interest, would, it was felt, carry us 
too far from the purpose of the work in hand, especially as a dif- 
ficulty, not encountered with the copper, was met with here. It 
consisted in the difficulty of obtaining constant readings. The de- 
flections would slowly increase, as they were repeated, becoming 
constant at last for a moment, and falling then to a lower point. If 
now the current were reversed, the resulting reading was at first 
much the lowest yet obtained. After several readings had been 
taken, it would pass through the same changes observed before re- 
versing. It was thus constant at three points ; giving a minimum, 
a mean, and a maximum curve. Such a group of curves is given 
on Plate II., Fig. 3, Nos. VIL, VIIL, IX. 

An explanation of the phenomena just described, in conformity 
to the theory of Wiedeburg, is quite possible. We need only as- 
sume that absorption of the ions by the electrodes occurs, to be in 
a position to understand these changes. When the first currents 
pass, absorption is large, and the resulting polarization is cut down. 
Repeated passing of the current in one direction fills the kathode, 
practically, and the polarization rises to the fixed value possible for 
the time and current employed. Meanwhile the anode is destitute 
of absorbed Ag ions, and hence in the best condition to absorb 


| ; 
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them. When, on reversing, it becomes the kathode, absorption is 
at its maximum value, and the resulting point on the / curve has 
its lowest position. The process repeats itself indefinitely. In ac- 
cordance with this supposition we should expect, if the supposition 
be correct, the best agreement with the formule in case of those ob- 
servations taken where absorption is the least. That this is the 
case, reference to our data shows. I give below in Table VI. the 
values computed from a set of observations taken immediately upon 
putting the electrodes in the solution ; and in Table VII. those taken 
from the maximum curve after the electrodes have been thirty days 
in the solution. Comparison will show that while the errors in 7 
in the former reach 20 per cent., in the latter they are less than 3 
per cent. 
VI. 
Agin AgNO,. Nov. 2%. T=19.2°; R=3.0 ohms. Electrodes, 7.9K 12 cm. 
Solution, 100 G. in 1 LZ. at 17°. A=79.94; P = .0466; AP=3.72. 


Cap. aR p (1—e” K1) r 
0.2 73 197.5 .6488 1.11 1.0000 1.038 
0.6 122 313.0 .3405 3.47 1.0000 1.033 .0431 
1.0 96 208.0 .1358 1.38 1.0000 1.037 .0493 
a2 191 331.0 .06745 1.73 .9954 1.043 .0474 
124.5 162.6 .0333 2.30 .9302 1.000 
72.5 64.0 -01306 3.40 .6479 1.089 
52.5 40.0 .00816 3.93 .4792 1.195 
TABLE VII. 


Agin AgNO, jJan.2. T=16.0°; R=3.0 ohms. Electrodes, 71.9 12 cm., 
30 days in solution. Solntion 100 G. in 1 L. H,O at 17.0°. A = 167.4; P= .0796; 
AP = 13.4. 


Cap. adc aR p ) r 

0.2 92 193.5 6317 | 1.43 1 1.304 

0.4 103 200.0 .3265 1.55 1 .306 

1.0 130 205.0 -1339 1.90 1 .305 .07962 

3.2 273.5 327.0 .0666 2.50 1 .304 .07961 
201.5 160.0 .0327 3.78 1 .339 .07355 
158 63.0 .0129 7.52 1 


.324 -08471 


While the errors in the final values are far above those of obser- 
vation, they are in accord with the assumption we have made. The 
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observations were always begun with the large currents. If absorp- 
tion occurs, with consequent depolarization, we should expect the 
greater effect with large currents ; 7. ¢., the values of A and ? com- 
puted for the lower part will be too small to satisfy the upper part 
of the curve. While it is possible that a different arrangement in 
conditions, size of electrodes, concentration of solution, etc., might 
have given more concordant results, the difficulties in the way of 
using this metal for the purpose desired seemed too great to warrant 
its further trial at this time. The fine agreement of the values for 
the large currents, however, suggests the possibility of making this 
combination the basis of a later investigation as to the cause of the 
time change which occurs upon the standing of the electrodes in 
solution. 
PLATINUM ELECTRODES IN SULPHURIC ACID. 

Some observations, made in the earlier investigations by Dr. 
Guthe, with platinized platinum electrodes, showed a sufficient agree- 
ment with the formulz to lead to the thought that, possibly, with 
bright electrodes, results might be obtained in good agreement with 
the theory. A number of observations with such electrodes were 
accordingly made at this point in the work, with the hope of getting 
rid of the time change in the range of apparent resistance. The re- 
sults conform even less than had those with the platinized electrodes, 
to the requirement of a constant internal resistance. 

The observed values for the internal resistance show changes from 
5 to 160 ohms, with current changes from .6 to .0069 of an ampere 
respectively, in a single set of observations. While these reduce, by 
computation of 7, to values ranging from 1.43 to 2.02, the variations 
from a constant value are such as cannot be occasioned by experi- 
mental error. The same difficulty encountered with the silver was 
present here to a much greater degree, 7. ¢., the creeping up of the 
deflections." Moreover, the time change in.the range of apparent 
resistance was also present, as with copper and silver; a further in- 
dication that oxidation cannot be assigned as its cause. Table VIII. 
shows these changes. 

This solution had been boiled to exclude air, and was covered 
with a layer of paraffin oil. 


1See also Guthe, 1. c. 
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VIII. 
Bright Platinum in H,SO,. Time change in p. 
Observation. Temperature. Interval. Range. Difference. ; 
1 20.9 1 hour. 5.29-165.0 159.7 
2 22.5 12 hours. 5.27-203.3 198.0 
3 40.5 48 hours. 5.16-211.5 206.3 


The readiness with which platinum absorbs hydrogen, and the 
high value found for the polarization, are possibly chargeable with 
the variation here found; although the conditions are much more 
complicated than with a metal in a solution of its own salt. It is 
very interesting to note that, in spite of the ill agreement in the 
values for the internal resistance, the mean value obtained for the 
polarization, 1.88 volts, is in good accord with that found by other 
investigators. From the numerous data at hand upon this point, 
only the results from a single set will be given, showing the suc- 
cessive values for P?. 

TaBLe IX. 
Bright Platinum in H,SO,. T= 38.3°; R, = 10.0 ohms; R,, 30.0; A 134; 


P= 1,88. 

Cap. adc | aR vf p ( gag) r a 

( .05 71.5 162.5 | .6366 4.40 1.0000 1.43 2.12 
R | .10 126.7. | 171.0 .3350 7.41 1.0000 1.88 1.97 

‘| .20 227.0 173.0 .1695 13.10 1.0000 2.11 1.88 

| .20 210.0 ~— 87.0 .0852 24.14 1.0000 2.02 1.81 

.30 298.0 211.0  .0459 42.37 1.53 1.56 
nia 257.6 105.2 .0229 73.46 .9535_— 1.60 
"7 an 221.2 211.5 .0138 104.58 .8428 2.26 

| .30 173.5 105.6 .0069 164.30 .6030 


Zixc IN ZNSO,. 

A. Unamalgamated Plates —It was with considerable interest 
that this part of the investigation was approached, owing to the 
conflicting testimony as to the polarization of this combination. 
For the sake of comparison only, a series of observations was first 
taken with the zinc unamalgamated. The plates were of the same 
size as the copper ones previously employed, 10 x 13 cm. ; and the 
solution contained 25 G. c. p. zine sulphate in 1 L. of distilled 
water. An observation was attempted as soon as the cell was set 
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up; but the rapid time change made it impossible to complete it. 
To obtain an idea of the rate of this change, observations were taken 
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with large sensitiveness of the apparatus, every 20 seconds for half 
an hour. The results were plotted in the form of a curve, vide 
Plate I., No. 1. 

After the cell had stood undisturbed for two hours and a half it 
was found possible to take observations, although repeated swings 
of the pendulum would cut the deflections down from 3 to 5 scale 
divisions. The curves for these observations, Plate II., Fig. 1V., 
Nos. X. and XI., are very instructive. The observations began 
with the smallest current used 


at the point where the time curve 
had been taken 2.5 hours before. The currents were gradually in- 
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ever the cause operating to increase the apparent resistance may be, 
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creased to the largest used, and then returned to the original point. 
This order is indicated by the arrow heads uponthe curves. These 
facts are evident: (@) the time curve shows an increase of 130 scale 
divisions in the first half hour, to which corresponds a change of 
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Plate Il. 


only 17 divisions in the next 2.5 hours; (4) the use of large cur- 
rents cuts down the apparent resistance to a marked degree. 

The behavior of these electrodes, upon further standing in the 
solution, is shown in the following table. 


TABLE X. 


Time and Current Effect onp. Unamalgamated Zn in ZnSO, 


i rgest t 
in the Coll Canteen. 

2.5 22.3 4.72 18.5 17.6 19.6 

24 32.0 3.97 23.3 28.03 17.4 

48 32.0 4.10 22.0 27.90 16.6 


Consideration of the results here shown makes it clear that, what- 
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it was in this case practically completed in the 24 hours after set- 
ting up the cell. Further, as with the platinum, silver and copper, 
we cannot conceive it to be an actual increase in resistance, due to 
an oxidation film. For here we have a cell in which the actual re- 
sistance, after 24 and 48 hours, is less than at the beginning ; while 
the apparent resistance p has increased its range 60 per cent. 
While it was not to be expected that a combination, so susceptible 
as this, would give very accurate agreement with the formule, yet 
the’ computation of a set of observations is not without value for 
comparison with those of silver and platinum. Such a completed 
set follows in Table XI. 
TABLE XI. 
Zn in ZnSO,. Jan.7. Temp. 19.69. R=5.0 ohms. Unamalgamated Elec- 


trodes, 10K 13. cm., 2% hours in solution. Solution, 26 G. C. P. ZnSO, in 1 Liter 
H,0 at 20.0 degrees. A=88.8; P=.1983; AP=17.7. 


Cap. dC aR p (rx P 
0.2 295 312 -6612 4.72 1.0000 4.40 

0.2 162 160.5 .3164 | 5.04 1.0000 4.41 .1883 
0.5 198 168 1317 5.89 1.0000 4.39 2083 
0.9 222 151 .0657 7.41 .9971 4.40 

1.0 169 84 .0329 10.05 -9462 4.36 

1.0 103 33.6 -0132 15.33 -6896 4.81 


It will be seen that, as with the silver, the resistance 7 is constant 
until the smallest currents are reached. The same assumptions 
there made*would suffice to explain these variations also. 

B. Amalgamated plates.—It was at this point in the work that 
plates of varying areas were procured and observations upon them 
made. It was the intention to determine thus, at the same time, 
the conformity of the amalgamated plates to the theory, and the re- 
lation of the constants to the areas of the electrodes. The discus- 
sion of the latter question having been left for the second part of 
this paper, it is as well to defer to the same place the description of 
the preliminary work done with these plates, as it mainly was in- 
tended to bear especially upon that phase of the determination. It 
will be sufficient to give here the results bearing directly upon the 
question: Does Wiedeburg’s formula satisfy the curves obtained 


with amalgamated zinc ? 
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Zinc plates, especially prepared for battery use, were procured, 
cleaned with some care, amalgamated, and investigated as follows: 
First, as with the unamalgamated zinc, a time curve was taken—vide 
Plate I., No. II. It was found that, even with amalgamated zinc, 
the same time effect is active: the apparent resistance increases 
merely from the standing of the plates in the solution. 

Successive observations were then taken, as with the copper elec- 
trodes. The resulting curves are shown in Plate IL, Fig. II., Nos. 
IV., V., VI., where they may be compared directly with those ob- 


TABLE XII. 


Amalgamated Zinc in ZnSO, Time and Current Change in p. 


Observation. Interval. Range. Difference. Temperature. 
1 30 min. 3.86-2.97 0.89 ohms. 19.0 
2 4.13-3.07 | 18.9 
2 4.33-3.12 18.8 


tained with the copper. There was a very slight increase here in 
the real resistance, only .15 of an ohm from the first to last observa- 
tion. Part of this, if not all, is due to a fall in temperature of 0.2°. 
That better comparison may be possible, the curves have all been 
referred to the same starting point on the largest current used. 
The plates were only one eighth the area of those used, unamal- 
gamated, and the solution was one containing 150 grammes in I 
liter, at 17.0°. The time consumed in taking the observations was 
one and a half hours. The range of increase of » is shown in 


Table XII. 
NIII. 
Amalgamated Zinc in ZnSO, Feb. 2. T= 19.89. R=2.0 ohms. Zinc Plates, 
1. Solution (for all observations), 150G.in1L. A—6.0; P= .0166; AP .0996. 


Cap. adc dR p P 
0.5 281 350 .6835 1.606 .9837 1.584 

0.5 142 174 .3408 1.632 .8706 1.593 .0179 
0.5 953 116 .2275 1.643 .7446 1.590 .0152 
0.7 100.8 122 .1707 1.651 .6409 1.593 .0118 
1.0 72 86.7 .0849 1.661 .3972 1.585 


It will be seen that, even with well amalgamated zinc, the diffi- 
culties encountered with metals formerly used, are not avoided. 
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While not so rapid in the first stages of the changes due to stand- 


ing, the cell seems more susceptible to current effects; and gave 


often very indifferent curves. From the large number of observa- 


tions, those given in tables XIII.—X VIII. are selected ; showing to 


what degree the formula fits. 


TABLE XIV. 


“ine Plate,8. K=17.4; P=—.1162; KP=—2.06. fan. 31. 


Cap. / 
2 186.5 191 6236 
2 100.8 97 3170 
4 115.0 100 1632 
7 146.0 119 1110 
9 146.0 114.8 0833 
1.0 133.5 101.4 0662 


TABLE XV. 


Zinc Plates,16. K=18.0; P=.1634; AP=2.88. Feb.2. T=19.4; R 


Cap. 1C aR / 
1 105.5 129 6317 
2 116.0 132 3208 
3 127.8 136 2220 
3 101.0 102 1665 
4 112.0 108.8 1334 
5 124.0 115.8 1134 


TABLE XVI! 


(1 


1.0000 
-9960 
-7652 
-6840 


7, 17.0; 2, 3.0 ohms. 


Amalgamated Zinc, 1013 cm., in solution ZnSO,, 25 G. in 1 Liter. 


24.0; R.=1.0 ohm. K-: 


Cap. 

0.5 259 165 -6464 
0.5 135 83.3 .3263 
1.0 114 67 .1312 
3.2 185.5 105 -0643 
3.2 94 52 -0318 


p 


1.57 
1.62 
1.70 
1.77 
1.81 


-9983 
-9605 
.7212 
4708 
-2703 


9.7 + P= = 


r 


1.517 
1.521 
1.515 
1.520 
1.521 


4.0 ohms. 


P 


1 The curve showing agreement between observed and computed values for these ob- 


servations, will be found on Plate III., No. III. 


| 
2.93 2.745 
3.12 2.749 
3.45 2.780 
3.68 2.777 .1231 
3.82 2.749 .1159 
3.95 2.749 .1096 
3.721 1.0000 3.014 
3.515 .9969 3.033 
3.774 .9816 3.037 
3.961 .9501 3.028 . 1669 
4.147 .9094 3.027 .1619 
4.283 .8701 3.030 .1613 
14. 7, 
.0333 
.0334 
.0343 


a 


124 


276 
145 
160 
171 
281 
114 

72 


aR 


202 
102 
191 
214 
106 
166 

65 
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Amalgamated Zinc, 5X 6.5 cm. Jan. 19. 7, 23.0; 3.0 ohms. 
== O32 KP = 1.04. 


16594 


| 
| 
| 


.3330 
.1386 ) 
.1397 
.0686 
.0339 
.0134 


TasBLe XVIII. 
Amalgamated Zine Plate 2.56.5 cm. Jan. 21. 


p 


1.55 
1.65 
1.84 


2.04 
2.23 
2.42 


P =: 66%; = 13.5. 


-6112 
.3154 
.1324 
.0666 
.03248 
.01273 
-00796 


p 
4.437 
4.503 
4.762 
5.029 
5.296 
5.481 
5.538 


(Vou. XIII. 


r 
1.489 
1.491 .05331 
1.488 .05070 
1.492 -05146 
1.479 
1.484 


7, 23.0; R, 5.0 ohms. 


Cap. dc = | | | 
0.2 | 104.5 1.0000 
0.2 56 
0.9) 116 
10/ | 
1.0 42 
; 3.2 123.5 | | .4921 
3.2 25 | .2356 
ee 0.2 312 1.0000 4.311 
oa 0.2 161 9982 4.290 .0691 
0.5 168 9292 4.260 .0683 
1.0 170 .7329 4.326 .0702 
3.2 265.3 4777, 4.301 .0627 
104 .2249 4.288 
| 
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NOTE. 


Franz Emil Meléde.—F¥ranz Emil Melde was born on the 11th of March, 
1832, at Grossenlueder near Fulda. He was the son of the village 
apothecary. He attended school in his native place until twelve years 
of age, when he entered the Gymnasium at Fulda; from which institu- 
tion he went to the University at Marburg in order to devote himself to 
the study of physics ahd mathematics. After the completion of his 
course, he taught for a short time at Hanau and in 1860 accepted a posi- 
tion as assistant in the Mathematical and Physical Institute of his alma 
mater under Professor Gerling. 

Melde’s first published work which was accepted as a thesis for the 
doctorate was entitled, Ueber einige krumme Flichen, welche von Ebenen 
parallel einer bestinmten Ebene durchschnitten, als Durchschmittsfigur 
einen Kegelschuitt liefern. 

A year later followed his paper on Zhe Production of Standing Waves 
in Strings. In 1864, Melde was appointed extraordinary professor and 
on the rgth of April, 1866, he became ordinary Professor of Physics and 
Astronomy at the University of Marburg. For nearly 35 years he was 
the director of the institute which he had entered as assistant. After a 
long illness he died on the 17th of March, rgor. 

Melde devoted himself especially to acoustics to which subject he has 
contributed a series of important investigations. Aided by his rare skill 
as a musician and by his unusually accurate ear, he introduced new meth- 
ods of experimentation which are of lasting value and opened out new 
fields for study. Among the best known of his contributions to science 
are his recently perfected methods for the determination of the frequency 
of tones of high pitch and his investigations upon the vibration of strings, 
plates and bells. He was the inventor likewise of many beautiful forms 
of apparatus for the investigation and demonstration of the phenomena 
of vibration the best known of which is the kaleidophon. One of his 
most important researches was upon the £stimation of the Upper Limit 
of Audibility. In 1883 Melde published a text-book on acoustics. In 
1888 appeared his well-known monograph entitled Ch/adni’s Leben und 
Wirken. 

Melde’s activity showed itself likewise in other departments of physics. 
His researches upon the flow of liquids and upon the formation of 
bubbles in cylindrical tubes are well known. Astronomy is indebted to 
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him for a treatise on the A/easurement of Time, meteorology for his 
memoir on the Cloudless Days observed at the Meteorological Station at 
Marburg during the years 1886-1894. This station, which was estab- 
lished through Melde’s influence in 1865 by the Hessian government, 
was patterned after the existing stations in Prussia. 

An entire generation of physicists, chemists, medical students and 
pharmacists have been educated in Melde’s lecture room and laboratory. 
As an experimenter he possessed extraordinary skill and he succeeded 
with the simplest means to produce from wood, glass, cork and sealing 
wax, apparatus with which to carry out the most precise investigations. 
Outwardly he was not infrequently rough and curt, but he possessed a 
strong sense of humor which cropped out continually in the course of 
his lectures. 

KARL SCHAUM. 
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NEW BOOKS. 
The Elements of Physics for use in High Schools (2d Edition). By 
HenrY Crew, Ph.D. The Macmillan Co., New York. 


In the revised edition of Crew’s Physics an already good book is dis- 
tinctly improved for the high school teacher by the modification of some 
of its more mathematical parts. 

The more important changes are as follows: All use of the method of 
limits and of trigonometric functions has been abandoned, English letters 
have been used as symbols in place of Greek, except =, and the number 
of problems has been increased. 

We believe all of these changes are in the right direction. Symbols af- 
ford an invaluable shorthand to the student who is conversant with them, 
and but for the memory of Faraday one would be tempted to say that no 
advance beyond the most elementary stage is possible without them, but 
still the more directly the simple facts of physics are presented to the 
beginner the better. The student should have the facts so presented 
that he may have a clear mental picture of them unencumbered by 
symbols or formulas. Of course formulas have an important place and 
must be used, but in an elementary book they should be kept strictly 
subordinate. 

The disposition to teach physics as though it were a branch of mathe- 
matics is illustrated in a definition found in a recent text-book of physics, 
where the “herma/ capacity of a body is said to be ‘‘ the quotient of the 
heat received by the rise of temperature produced.’’ While such astate- 
ment may express the process by which the quantity defined is calculated, 
it is vicious in that it fails to bring out clearly the physical concept. 
The student should think of thermal capacity not as a quotient, but as a 
certain quantity of heat. 

The book under consideration is certainly entirely free from this 
defect. It develops the subject in a remarkably clear and exact way, the 
relations between phenomena being well brought out. It is a book well 
adapted to lay a sound foundation for more advanced study. 

A. L. KIMBALL. 


One Thousand Problems in Physics. By W. H. Sxyper and I. O. 
PALMER. Boston, Ginn & Co., 1900. Pp. 142. 


This book contains over a thousand problems intended to supplement 
laboratory and lecture courses in preparatory and high schools. Prob- 
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lems of this kind are of great value provided they are of a practical char- 

1) acter, clearly stated, and selected to illustrate physical principles rather 

than as examples in applied mathematics. While the greater part of these 

problems are of the desirable kind, the number is greater than the aver- 

' age pupil can use to advantage, and it is believed the book as a whole 

Et would be improved by the elimination of at least a hundred of the thou- 
sand problems. 

Geo. A. HOaADLey. 


Notes and Questions for the Dynamo Laboratory. By F.C. CALDWELL 
and F. A. FisH. Columbus, O., Fred J. Heer, 1900. Pp. 67. 


This little volume consists of a brief chapter of instructions to students 
in the dynamo laboratory followed by sets of questions upon nearly all 
the topics in direct and alternating current work usually included in the 
laboratory courses of our technical schools. There is likewise a set of 
tables of units, symbols and the physical constants of metals, a page of 
conventional forms to be used in the diagrams of laboratory reports and 
a four-place logarithm table. 

While planned with special reference to the work in electrical engineer- 
ing in the Ohio State University, the questions will doubtless be found 
useful to instructors in other institutions. E. L. N. 
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Ziegler Hand Dynamo. 


The dynamo shown gives a current of 
four ampéres, at an electromotive force of 
fifty volts. It will therefore permit of the 
employment of the ordinary 50-volt lamps 
of commerce for demonstration or experi- 
ment. It runs easily and is an_ ideal 
machine for the college and laboratory. 


ZIEGLER ELECTRIC CO., 141 Franklin St., BOSTON, MASS. 
Send for a copy of Physical Catalogue No. 10. 


RECENT BOOKS ON MECHANICS, Etc. 


The Principles of Mechanics 
_An Elementary Expost- By FREDERICK SLATE, Prof. of Physics, University 
tion of Kinematical and Dy- of California. Part I., pp. x-299. $1.90 ner. 


namical Mechanics. 
The needs of college students at an elementary stage are considered; but also the value 
of Mechanics as a system of organized thought, of distinct culture value. 


A Treatise on the Theory of Screws 
By Sir ROBERT STOWELL BALL, LL.D., F.R.S., 
An exhaustive thoroughly Lowndean Professor of Astronomy and Geometry in 
tllustrated Treatise. the University of Cambridge. 8vo, $5.50 nev. 
A Manual of Elementary Science 
A course of Work in Phy- By R. A. GREGORY, F.R.A.S., Queens College, and 
sics, Chemistry and Astron- A. T. SIMMONS, Assoc. of the Royal College of 
omy. Science, London. 


Practical Advice for Marine Engineers 
Second edition. By CHARLES W. ROBERTS, viii+150. Cloth, 75c. 


THE MACMILLAN COMPANY, 66 Fifth Avenue, New York. 
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A History 


of Physics 


In Its Elementary Branches, including the Evolution 


of Physical Laboratories 


By FLORIAN CAJORI, Ph.D. 
Professor of Physics in Colorado College. 


Cloth Cr. 8vo, $1.60 net. 


This brief popular History gives in broad outline the development of the science of 


physics from antiquity to the present time. 


It contains also a more complete statement 


than is found elsewhere of the evolution of physical laboratories in Europe and America. 
The book, while of interest to the general reader, is primarily intended for students 


and teachers of physics. 


The conviction is growing that, by a judicious introduction of 
historical matter, a science can be made more attractive. 


Moreover, the general view of 


the development of the human intellect which the history of a science affords is in itself 


stimulating and liberalizing. 


** Prof. Cajori has followed his ‘ History of Mathematics’ with a ‘ History of 


Physics’ that is even more interesting and valuable. . . 
of physics should read it and add it to his library. 


Every teacher and student 
It shows careful study, enthusiasm 


and a comprehensive grasp of the subject.’’— Journal of Education, 


BY THE SAME AUTHOR 


A 
History of Mathematics 


Cloth S8vo, $3.50 


‘* What we have a right to expect in such 
a handbook is an agreeable narrative of the 
most material events in the history of 
mathematics, and this Professor Cajori in- 
contestably supplies. The book was much 
wanted.’’— Zhe Nation. 

‘*A scholarship both wide and deep is 
manifest in this History of Mathematics 
which the author has infused with his own 
ardor in this department of science.’’ 

—/Journal of Education. 


A History of 


| Elementary Mathematics 


Cloth 12m0, $1.50 


‘*A most instructive, and at the same 
time a very readable piece of work, full of 
curious facts.’’,— 7he Bookman. 


‘* By no means an abridged edition of 7he 
History of Mathematics. It is an entirely 
new book, giving a somewhat detailed ac- 
count of the rise and progress of Arithmetic, 
Algebra and Geometry. The book should 
be read by all teachers of these subjects, 
and by mathematical students generally.’’ 

—-4merican Mathematical Monthly, 


Chemical Lecture Experiments 


By Francis Gayno Benedict, Instructor in Chemistry in Wesleyan University. 
12mo, cloth, $2.00 wev. 


The material here presented has been in a measure prepared with reference to its use 
by students desiring collateral reading in connection with experimental lectures. An 
elaboration of the Laboratory Manual, the book may also be used by students for the 
preparation of many compounds not considered in elementary text-books. 


THE MACMILLAN COMPANY, Publishers, New York 
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New Books on Astronomy, etc. 


Among THE MACMILLAN COMPANY’S Publications 


By Sir ROBERT BALL, LL.D. 
The Elements of Astronomy 


By the author of ‘* Star- 
land,”’ Atlas of Astron- 
omy,’’ ** The Story of the 
Sun,’ ‘* The Theory of 


Screv% An ”” ete. » ele. 


By Sir ROBERT BALL, LL.D., Lowndean Professor 
of Astronomy and Geometry in the University of 
Cambridge, formerly Royal Astronomer of Ireland. 

Cloth, illustrated, 80 cents xe?. 


By JOHN COUCH ADAMS 


Lectures on the Lunar Theory 

The lectures of Prof. 

Ball's predecessor, edited by 

R. A. SAMPSON, Uni- 
versity of Durham. 


By JOHN COUCH ADAMS, M.A., F.R.S., late Lown- 
dean Professor of Astronomy and Geometry in the 
University of Cambridge. Cloth, 8vo, $1.25 net. 


By W. HASTIE, D.D. 
Kant’s Cosmogony 


Kant’s Essay on the Re- Edited and Translated by W. HASTIE, D.D., Professor 


tardation of the Rotation of of Divinity, University of Glasgow. With an In- 
the Earth and his Natural troduction and Appendices by and a portrait of 
History and Theory of the THOMAS WRIGHT, University of Durham, 

Heavens. Cloth, cr. 8vo, $1.90 net. 


By A. W. BICKERTON 


The Romance of the Heavens 


By A. W. BICKERTON, Professor of Chemistry, Canterbury College, Christchurch, 
New Zealand University, Author of ‘‘ The Romance of the Earth.’’ 
Cloth, r2mo, $1.25. 


By Sir NORMAN LOCKYER, K.C.B. 
Recent and Coming Eclipses 


Accounts of Observations 
in India, 1898, with Condi- 
tions of Eclipses of 1900, 
1901 and 1905. 


By Sir NORMAN LOCKYER, K.C.B., F.R.S., author 
of ‘*The Sun’s Place in Nature,’’ etc. Second 
Edition. ustrated. Cloth, 8vo, $2.00 xez. 


Send for our latest classified catalogue. Address, 


THE MACMILLAN COMPANY, 66 Fifth Ave., New York 
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Standard Text-Books on General Physics 


The Elements of Physics 


FOR USE IN HIGH SCHOOLS. 
By HENRY CREW, Ph.D., Northwestern University. 
Second Edition, Revised, loth. $1.10, xez. 


Elements of Theoretical Physics 


By DR. C. CHRISTIANSEN 
Professor of Physics, University of Copenhagen 
TRANSLATED INTO ENGLISH BY 


W.F. MAGIE, Ph.D.,Professor of Physics, Princeton University Cloth. 8vo. $3.25, net 


Problems and Questions in Physics 
CHARLES P. MATTHEWS, M.E., ax» JOHN SHEARER, B.S. 


Purdue University Cornell University 
8vo. Cloth. pp. 247+4. Price $1.60, net 


An Intermediate Course of Practical Physics 
By A. SCHUSTER, Ph.D., F.R.S., ax» C. H. LEES, D.Sc. 


Owens College, Manchester Owens College, Manchester 
12mo. Cloth. pp. xv + 248. Price $1.10 net. 
By the same authors 
Advanced Exercises in Practical Physics 
Cambridge University Press Series. Cloth. pp. x + 368, 8vo, $2.00, me?. 


Lessons on Elementary Practical Physics 
By BALFOUR STEWART, A.M., LL.D., F.R.S., ax» W. W. HALDANE GEE 
Vol. I. General Physical Processes, 12mo. $1.50, 
Vol. Il. Electricity and Magnetism, $2.25, #¢¢ 
Vol. III. Part I. Practical Acoustics, $1.10, wet 
Part Il. Heat and Light. Press 


Laboratory Manual of Physics and Applied Electricity 


Arranged and Edited by EDWARD L. NICHOLS 
Professor of Physics in Cornell University 


IN TWO VOLUMES Vol. I. Cloth. Price $3.00, net 
JUNIOR COURSE IN GENERAL PHYSICS. By ERNeEsT MERRITT and FREDERICK 
J. RoGErs. Vol. Il. Cloth. pp. 444. Price $3.25, net 


SENIOR COURSES AND OUTLINES OF ADVANCED WORK By GEorGE S. MoLER, 
FREDERICK BEDELL, HoMexr S. IlorcHkKiss, CHAS. P. MATTHEWS, and THE EDITOR, 


A large proportion of the students for whom primarily this Manual is intended are preparing to 
become engineers, and special attention has been devoted to the needs of that class of readers. 


THE MACMILLAN COMPANY New York: 66 Fifth Avenue 
BOSTON CHICAGO SAN FRANCISCO 
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THE CHEAPEST BOOKS IN 


Science, Philosophy ana Psychology 


Now Publishing in America. 


High Grade Paper. Large Print. Sewed Bindings. These books are reprints of standard scientific 
works, philosophical classics, etc. 


A BOON TO STUDENTS. 


Note the following contents and the reasonable prices of 


THE RELIGION OF SCIENCE LIBRARY 


No. 1. The Religion of Science. By Paut Carus. 25 cents (1s. 6d.). 
. Three Introductory Lectures on the Science of Thought. By F. Mx Mé ver. 
25 cents (1s. 6d.). 

. Three Lectures on the Science of Language. By F. M x M@.uier. 25 cents (1s. 6d.). 

. The Diseases of Personality. By Tx. Risor. 25 cents (1s. 6d.). 

The Psychology of Attention, By Tu. Ripot. 25 cents (1s. 6d.), 

. The Psychic Life of Micro-Organisms. By ALFrep Bier. 25 cents (1s. 6d.). 

The Nature of the State. By Paut Carus. 15 cents (od.). 

. On Double Consciousness. By ALFrep Bier. 15 cents (gd.). 

. Fundamental Problems. By Paut Carus. Pages 373. 50 cents (2s. 6d.). 

. The Diseases of the Will. By Tu. Ripor. 25 cents (1s. 6d.). 

11. The Origin of Language, and The Logos Theory. By Lupwic Norre&. r5c. (gd.). 

12. The Free Trade Struggle in England. By Gen M.M. Trumputt. 25 cents (1s. 6d.). 

13. Wheelbarrow on the Labor Question. 35 cents (2s.). 

14. The Gospel of Buddha. By Paut Crus. 35 cents (2s.). 

15 Primer of Philosophy. By Pavut Carus. 25 cents (1s. 6d.). 

16. On Memory, and The Specific Energies of the Nervous System. By Pror. Ewatp 
HERING. 15 cents (gd.). 

17. The Redemption of the Brahman. A Novel. By R. Garpe. 25 cents (1s. 6d.). 
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